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Abstract

The resilience of an ecological unit encompasses resistance during adverse conditions and the capacity to recover. We adopted
a ‘resistance-recovery’ framework to experimentally partition the resilience of a foundation species (the seagrass Cymodocea
nodosa). The shoot abundances of nine seagrass meadows were followed before, during and after simulated light reduction
conditions. We determined the significance of ecological, environmental and genetic drivers on seagrass resistance (% of
shoots retained during the light deprivation treatments) and recovery (duration from the end of the perturbed state back to
initial conditions). To identify whether seagrass recovery was linearly related to prior resistance, we then established the
connection between trajectories of resistance and recovery. Finally, we assessed whether recovery patterns were affected
by biological drivers (production of sexual products—seeds—and asexual propagation) at the meadow-scale. Resistance to
shading significantly increased with the genetic diversity of the meadow and seagrass recovery was conditioned by initial
resistance during shading. A threshold in resistance (here, at a ca. 70% of shoot abundances retained during the light dep-
rivation treatments) denoted a critical point that considerably delays seagrass recovery if overpassed. Seed densities, but
not rhizome elongation rates, were higher in meadows that exhibited large resistance and quick recovery, which correlated
positively with meadow genetic diversity. Our results highlight the critical role of resistance to a disturbance for persistence
of a marine foundation species. Estimation of critical trade-offs between seagrass resistance and recovery is a promising
field of research to better manage impacts on seagrass meadows.
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Introduction

Resilience is the self-organization capacity of a system
to maintain its identity and function after a perturbation
occurs (Holling 1973; Gunderson et al. 2010). Resilience
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encompasses both resistance, as the initial ability to persist
during adverse conditions, and subsequent recovery, once
these unfavourable conditions cease (Hodgson et al. 2015;
Nimmo et al. 2015; Ingrisch and Bahn 2018; Falk et al.
2019). This ‘resistance—recovery’ (also known as the ‘resist-
ance-resilience’) framework is an idea that is not linked to a
particular biological level; ecosystems, communities, popu-
lations, or even individuals can be measured in terms of their
resistance and recovery to perturbations (Nimmo et al. 2015;
Falk et al. 2019). The rate at which the perturbed biological/
ecological unit recovers is known as the ‘elasticity’, while
the duration back to the (initial) state is the ‘return time’
(Hodgson et al. 2015). For a particular perturbation, one sys-
tem/ecological unit is more resilient because it recovers with
high ‘elasticity’, i.e., a low ‘return time’, while another is
more resilient because it is more ‘resistant’, i.e., the system
does not get severely ‘displaced’ from the initial state. This
methodological approach, therefore, assesses whether resil-
ience is majorly achieved via resistance or recovery (Falk
et al. 2019). The ‘resistance-recovery’ framework proposes
direct measures of resistance and recovery that are simple
and interpretable measures of change to assess ecological
resilience (Hodgson et al. 2015; Nimmo et al. 2015; Ingrisch
and Bahn 2018).

Identifying ecological and environmental drivers of both
resistance and recovery offers relevant insights to guide con-
servation and management policies (Holling 1973; Hoover
et al. 2014; Connell and Ghedini 2015). Understanding
resilience of ‘foundation species’ is particularly relevant,
because of the global environmental crisis that affects the
health of these key species, including kelps, seagrasses, cor-
als and mangroves, in the marine realm (Orth et al. 2006;
Waycott et al. 2009; Nystrom et al. 2012; Bulleri et al. 2018).
Marine ‘foundation species’ can influence the ability of
stress-sensitive species to exhibit plastic responses (Bul-
leri et al. 2018) and their loss or degradation has cascading
effects on species that depend on them (Orth et al. 2006;
Connell and Ghedini 2015). In some cases, drivers influenc-
ing resistance and recovery are similar, because they arise
from similar mechanisms; for example, a large soil microbial
biomass favours resistance and recovery of soils to pertur-
bations (Orwin and Wardle 2004). In other occasions, how-
ever, there is no link between determinants of resistance and
recovery, so mechanisms that underpin each stage can vary,
and/or operate at different spatio-temporal scales. In turn,
resistance to and recovery from perturbation can jointly,
and/or independently, influence resilience (Ingrisch and
Bahn 2018). Importantly, given that recovery is the ‘bounce
back’, it is partially determined by how much change was
initially experienced (i.e., resistance) (Nimmo et al. 2015).
The extent to which resistance affects subsequent recovery
of ecological units, i.e., the connection between measures of
resistance and recovery, remains largely unknown for many
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ecological systems (Falk et al. 2019). Furthermore, potential
non-linear relationships, including critical thresholds, need
to be identified (Gunderson et al. 2010; Nystrom et al. 2012;
Nimmo et al. 2015; Connell and Ghedini 2015; Boschetti
et al. 2019).

In ecological systems, simultaneous measurements of
both resistance and recovery are sparse (Ingrisch and Bahn
2018), despite their potential to shed light on potential trade-
offs/feedbacks between ‘resistance’ (=change in state) and
‘recovery’ (=elasticity) (Hoover et al. 2014; Hodgson et al.
2015; Connell et al. 2016). Several difficulties are obvi-
ous. First, variables to describe ecosystem (or population)
structure and functions are sometimes hard to select. Moreo-
ver, studies should collect data over large temporal scales,
including periods before (baseline) and under perturbations,
as well as during subsequent recovery until new equilibrium
points are reached (Hodgson et al. 2015; Nimmo et al. 2015).
Experimentally, manipulations to recreate varying regimes
in the intensity and frequency of natural perturbations are
complicated, particularly in the context of including ade-
quate combinations, and replication, of processes under-
pinning both resistance and recovery, e.g., environmental
gradients, varying levels of genetic diversity, etc. (Selwood
et al. 2015; Wernberg et al. 2018; Falk et al. 2019).

In nearshore waters of temperate and tropical latitudes,
seagrasses are ‘foundation species’ providing many goods
and services to humans (Hemminga and Duarte 2000; York
et al. 2017). However, the position of seagrasses in shal-
low waters exposes these plants, and the meadows they cre-
ate, to numerous anthropogenic and natural disturbances.
Seagrass losses have been described worldwide (Orth et al.
2006; Waycott et al. 2009), in many cases linked to pertur-
bations that decrease the amount of light reaching seagrass
above-ground tissues (Ralph et al. 2007). Seagrass resilience
includes both resistance and recovery from perturbations
(O’Brien et al. 2017; Barry et al. 2018), which have been
classified as species (or genus)-specific. Some seagrasses are
more resistant than others, while other species recover faster
after perturbations (Hemminga and Duarte 2000; Erftemei-
jer et al. 2006; Kilminster et al. 2015; Roca et al. 2016;
O’Brien et al. 2017; York et al. 2017). Local-scale condi-
tions, as well as the genetic structure at the meadow scale,
may considerably affect patterns of seagrass resilience (Pro-
caccini et al. 2007). For example, many genotypes (genets)
represent an optimal scenario for adaptation to, and recovery
from, perturbations (Hughes and Stachowicz 2004; Procac-
cini et al. 2007; Salo et al. 2015; Evans et al. 2017), even
though low genetic diversity meadows, chronically stressed,
can exhibit large resilience (Connolly et al. 2018). Sea-
grasses can be ideal case-study candidates to partition the
resilience of ‘foundation species’, as population responses
can be empirically tracked before, during and after perturba-
tions with minimum manipulation, using simple population
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descriptors, in particular seagrass shoot abundances (Hughes
and Stachowicz 2004; Roca et al. 2016; Tuya et al. 2019).
This is particularly the case of opportunistic seagrass species
(sensu Kilminster et al. 2015; i.e., ‘fast-growing’ species),
because it is logistically feasible to track the duration of
resistance and recovery phases (i.e., a few years). The clonal
structure of seagrasses implies the integration of genotypic
(the number of genets per area) and genetic diversity (e.g.,
heterozygosity indices) attributes, as drivers of resilience
(Procaccini et al. 2007; Massa et al. 2013), in addition to
potential environmental influences mediating seagrass
responses (O’Brien et al. 2017; Connolly et al. 2018).

In this study, we adopted a ‘resistance-recovery’ frame-
work to experimentally partition seagrass resilience accord-
ing to its initial resistance (decrease in shoot abundances
during perturbations, relative to controls) and further recov-
ery (increase in shoot abundances after perturbations, until
reaching controls), following episodes of local light depri-
vation. Specifically, the shoot abundances of nine seagrass
meadows of Cymodocea nodosa were followed before, dur-
ing and after simulated light reduction episodes, to address
resistance and recovery trajectories. We selected three
meadows, encompassing a range of ecological and envi-
ronmental conditions, at each of three regions across the
Atlanto-Mediterranean province. We initially determined the
significance of ecological, environmental and genetic driv-
ers on seagrass resistance and recovery patterns. To identify
whether seagrass recovery is linearly, or not, related to prior
resistance, we then established the connection between tra-
jectories of resistance and recovery of seagrass shoot abun-
dances. Finally, we assessed whether recovery patterns were
affected by biological drivers (production of sexual products
-seeds—and asexual propagation) at the meadow-scale.

Materials and methods
Case-study species and experimental design

Cymodocea nodosa (Ucria) Ascherson is a seagrass dis-
tributed across the whole Mediterranean basin and the
adjoining Atlantic coasts, including Madeira and the
Canary Islands (Alberto et al. 2006; Tuya et al. 2014).
Meadows from the Canary Islands are genetically iso-
lated from the Iberian and Mediterranean populations
(Alberto et al. 2008). An experiment was carried out at
three regions, including: Southeast Iberia (Alicante) and
the Balearic Sea (Mallorca Island), within the Western
Mediterranean eco-region, and Gran Canaria Island within
the Macaronesian eco-region, in the eastern Atlantic. At
each region, we selected three meadows (Table 1, Fig. 1a).
To encompass intra-regional (local) variation of seagrass
genotypic/genetic diversity, we selected the meadows

to encompass a gradient of genotypic/genetic diversity
within each region. This strategy accounted for the vari-
able genetic histories of each region, but also incorpo-
rating local environmental variation. A preliminary study
supplied information on the genetic attributes of a set of
meadows per region (Tuya et al. 2019) (Appendix 1 in
ESM). The genetic assessment was performed via nine
microsatellite markers: Cyl, Cy18, Cy3, Cy4, Cy16, Cn4-
19, Cn4-6, Cn2-38 and Cn2-14 (Alberto et al. 2003; Rug-
giero et al. 2004). Sampling, laboratory procedures and
overall genetic methods, followed Alberto et al. (2003,
2006). At each of the nine meadows, we assessed seagrass
shoot abundances, through n =10 haphazardly allocated
quadrats (20 X 20 cm), in November 2016 and February
2017; this provided baseline shoot abundance information
previous to the simulation of experimental perturbations
(which was started in May 2017; see below for specific
details). All sampling was carried out within a window of
10 days for all meadows.

Light reduction manipulations were applied in 15 (1 X1 m)
plots established at each meadow. For each plot, a shade
cloth was tethered to four metal bars inserted into the bottom.
Three treatments were established: ‘high shading’ (Fig. 1b),
‘moderate shading’ (Fig. 1c) and ‘no shading’ (procedural
control with a plastic 4 cm? pore-sized mesh, Fig. 1d). Five
plots per treatment were then set up per meadow. A one-
week preliminary study indicated that we were able to create
a decline of between 1 and 2 orders of magnitude in total
light intensity within ‘moderate’ and ‘high’ shading plots,
relative to the procedural control (ca. 83% and 98% in mean
light reduction, respectively, Tuya et al. 2019). Cloths, at
ca. 1 m above the bottom, were replaced every three to four
weeks, for a total duration of 13—14 weeks, between May
and September 2017. This period encompasses the season of
maximum seagrass growth of C. nodosa (Tuya et al. 2006).
Light loggers (Hobo Pendant) uninterruptedly recorded total
light intensity above seagrass canopies underneath shading
cloths within each of three plots, one per treatment, at each
of the nine meadows, as well as before and after the light
perturbation (Appendices 2, 3 and 4 in ESM). During the
‘resistance’ phase, we counted the number of shoots in each
plot, every three to four weeks, by deploying n=4 (10x 10
cm) quadrats, at least 10 cm away from each plot edges; this
provided an estimate of shoots abundance per plot (values
published in Tuya et al. 2019). At the end of this perturba-
tion stage, we removed all shade cloths (Fig. le). We then
re-visited all plots every three months and, again, counted
seagrass shoots in each plot by deploying n =4 haphazardly
allocated quadrats. This temporal monitoring provided
data (mean shoot abundances per plot and treatments) on
the ‘recovery’ phase of the experiment. We ended up the
experiment in December 2018, when recovery was obvious
at all meadows.
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Table 1 Location, ecological and environmental context of each seagrass meadow

Gran Canaria Alicante Mallorca
Gando Castillo Arinaga Tabarca Albufereta San Juan Formentor Aucanada Es Barcarés

Latitude 27°55'29.33"  27°47'16.02" 27°51' 6.59” 38°10'02.3" 38°21'00.5" 38°22'59.5" 39°55'38.7" 39°50"13.4" 39°51'36.7"
Longitude  15°22'50.17"  15°29'28.82" 15°23"43.11"  00° 30" 43.9” 00° 26’ 49.1" 00° 23" 59.8" 3°8'24.04 3°10'4.58" 3°6'36.63"
Light 9780 10,543 7789 8476 5028 7497 - 2051 2096

(Lux)
SST(C°)  20.75x1.76 20.81+1.72 20.75+1.73 19.5+4.72 19.59+4.8 19.47+4.8 19.35+4.74 19.32+4.68 19.39+4.79
KD 90 0.04280 0.04493 0.04195 0.5014 0.5115 0.5155 0.05883 0.6195 0.5435
Depth (m) 9 5 10 12 10 9 2.8 2.7 35
Initial 654 787 424 1295 1005 650 810 1183 756

mean

shoot

density

()
Meadow 5 25 1.5 61 734 380 0.3 2.2 1.6

area

(Ha)
Seed 25.46+7.3 129.87+20.6 5.09+3.6 96.76+32.6 290.3+45.7 7.63+4.4 906.85+£57.9 971.81+£59.7 883.43+52.3

density

(m?)
Elongation 2.52+0.4 1.83+0.4 3.30+0.8 3.20+0.3 2.92+0.4 4.87+0.9 2.56+0.4 3.54+0.7 322+1.3

rate (cm

month

_1)

‘Light’ is the mean of the daily maximum irradiation through the entire study, as measured by HOBO Pendant probes (UA-002-64) immediately
above untouched seagrass canopies. ‘SST’ is the mean monthly sea surface temperature through the entire study (at daytime+SD). ‘KD,
is the average diffuse attenuation coefficient for downwelling irradiance at 490 nm. ‘SST’ and ‘KD,q,’ data was derived from the MODIS-
Aqua satellite (at 11 microns, monthly data at a 4 km resolution), courtesy of the NASA Giovanni facility (giovanni.gsfc.nasa.gov/giovanni).
Across meadows, temperature SST provided by this satellite were significantly correlated with in situ seawater temperatures provided by the
HOBO Pendant probes at the resistance phase (r,=0.82, P <0.0001). Biological data used to assess recovery mechanisms via asexual propaga-
tion (mean meadow rhizome elongation rates) and sexual (seed densities) are also included for each meadow

(a)

N
189w 14w
-29°N Canary Islands i
8 4
.Y

Atlantic Ocean

Fig.1 a Location of the study region in the eastern Atlantic and
Western Mediterranean, including location of seagrass meadows in
Gran Canaria Island (1, 2 and 3, Canary Islands), Alicante (4,5 and 6,
Southeast Iberia) and Mallorca Island (7, 8 and 9, Balearic Islands).

Measures of resistance and recovery

In this study, we followed ecological change through the
abundances of seagrass shoots (=the number of seagrass
shoots per m?). Shoot density is a robust descriptor, which
does not involve destructive sampling in experimental plots

@ Springer

Light experimental treatments included b high and ¢ moderate light
reduction plots, as well as d procedural controls. Shading resulted in
e severely reduced seagrass canopy within some plots

and approximates seagrass above-ground biomass and res-
toration success (Hughes and Stachowicz 2004; Massa et al.
2013). As a result, we plotted mean shoot abundances (per
treatment) through time, i.e., before, during, and after the
light perturbation, to graphically infer patterns of resistance
and recovery for each of the nine meadows. Resistance was
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then estimated, for each meadow, as the mean proportion (%)
of shoot abundances retained during the light deprivation
episodes, i.e., the mean percent change between the shad-
ing plots and controls at the end of the press (light depriva-
tion) perturbation. Our approach differs from Nimmo et al.
(2015) in the way resistance was calculated, because values
at the end of the perturbation state were expressed relative
to controls, and not relative to initial conditions. We also
used a repeated measures design to analyse our data. This
was necessary because the seagrass naturally fluctuates
through seasonal scales (Reyes et al 1995; Tuya et al. 2006).
Recovery was calculated, for each meadow, as the duration
(months) from the end of perturbed state back to the unper-
turbed (initial) state (‘return time’, sensu Hodgson et al.
2015). In practice, such a time represents the convergence
between perturbed and non-perturbed (control) plots, fol-
lowing the seasonal (natural) variation of the seagrass. For
each meadow, the first post-perturbation time, in which there
was no significant differences in mean shoot abundances
between perturbed and control plots, was then obtained (this
was verified through 1-way repeated measures ANOVAs);
means at the plot level were used as replicates. These metrics
were calculated for each of the nine meadows and for the
high and moderate shading treatments, respectively.

Role of ecological, environmental and genetic
drivers in resistance and recovery trajectories

To partition the relative effects of local ecological (depth,
mean meadow shoot density before the perturbation, and
meadow area), environmental (mean daily maximum
light intensity and mean SST during the study, Table 1)
and genetic attributes (the number of genotypes per sam-
pled ramets, R, also known as the clonal richness, and the
observed heterozygosity, H,., Appendix 1 in ESM) on both
resistance and recovery patterns, Generalized Linear Mod-
els (GLMs) were applied by means of the ‘R Commander’
library (Fox 2005) in the R; ¢ ; statistical package. We firstly
visualized and tested for correlations (Spearman) between
each pair of ecological, environmental (Table 1) and genetic
attributes (Appendix 1 in ESM) through the ‘corrplot’ R
library (Wei and Simko 2017). This was necessary to limit
the inclusion of over-correlated predictor variables (R2 >0.6,
Harrison et al. 2018, Appendix 5 in ESM) in the subsequent
modelization (’model selection’) of both resistance and
recovery trajectories. When two predictive variables were
correlated, we selected that one with a larger biological sig-
nificance (Bolker 2008). For example, the depth and mean
SST of meadows were strongly correlated with their genetic
(H,,,) and genotypic diversity (R), respectively, so both envi-
ronmental factors were initially not included. Initially, we
were more interested in addressing the effect of integrated
descriptors that operate at large temporal scales and reveal

the clonal structure of the meadows (genetic descriptors),
rather than descriptors that operate at small scales (SST),
as drivers of resilience (Procaccini et al. 2007; Massa et al.
2013). Models were separately fitted for each light depri-
vation event, i.e., high and moderate shading. Rather than
applying statistical procedures for each plot, we focussed on
the meadow scale, as ecological, environmental and genetic
descriptors operate at this scale. Resistance (here, the mean
proportion of shoot abundances retained during the light
deprivation events) at the start of the recovery phase was
additionally considered, for each meadow, to assess ecologi-
cal influences on recovery patterns. A ‘Gaussian’ family of
errors, with a ‘log’ link function, was selected in the case
of resistance patterns, whereas a ‘Poisson’ family of errors,
with a ‘log’ link function, was selected to analyse recovery
trends. In all cases, we checked the assumptions of linearity
and normality of errors through visual inspection of residu-
als and Q-0 plots (Harrison et al. 2018). To select the best
predictors, a ‘stepwise’ model selection procedure, with a
‘forward/backward’ direction was implemented; the AICc
(the Akaike Information Criteria corrected to small sample
sizes) provided a principle to select the most parsimonious
models (Bolker 2008). For all models, ‘Variance Inflation
Factors’ (VIF) routines (Harrison et al. 2018) assessed cor-
relation between selected predictor variables. To validate
our model selection, we used the 'MuMIn’ R library (Barton
2016), a flexible package for conducting model selection and
model averaging with a variety of candidate GLMs. Model
averaging is a way to incorporate model selection uncer-
tainty; the parameter estimates for each candidate model
are weighted using their corresponding model weights and
summed. For both resistance and recovery patterns, we fit-
ted several candidate GLMs, which contained all combina-
tions between those most parsimonious variables previously
selected by the ‘stepwise’ procedure. Models were then
ranked by their AICc and importance weights for individual
predictor variables calculated.

Connecting recovery and resistance trajectories

Bivariate resilience plots, where resistance (the proportion
of shoot abundances retained during the light deprivation
events) and recovery (1/‘return time’) are plotted together,
were obtained (Hodgson et al. 2015); in our case-study,
bivariate measures for each of the nine meadows for each of
the two experimental shading treatments. To model meadow
recovery as a function of prior resistance, we fitted non-
linear sigmoidal (4-parameters) regression curves to the
measures of recovery as a function of initial resistance of
the nine meadows. Models were fitted separately for the high
and moderate shading events, by means of the ‘drc’ R library
(Ritz et al. 2015).
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Intensity of seagrass sexual and asexual processes

To shed light on the role of sexual and asexual mechanisms
driving seagrass recovery (Kendrick et al. 2012; Paulo
et al. 2019), we estimated production of seeds and rhizome
elongation rates per meadow. Sexual products (seeds) were
counted from corers (n =350, 10 cm of inner diameter) hap-
hazardly allocated in each meadow in October 2017, i.e.,
6 months after the main flowering season of the species in
Mediterranean (Terrados 1993) and Atlantic waters (Reyes
et al. 1995). The density of seeds was expressed per m>.
To estimate elongation rates of plagiotropic rhizomes, api-
cal shoots were tagged (April 2017) with cable-ties, which
were retrieved after 6 months to encompass the period of
seagrass vegetative growth (Terrados et al. 1997); final rhi-
zome elongation rates (in cm) were expressed per month.
Linear simple regressions, also implemented in R; ¢ |, were
used to test whether the density of seeds and mean meadow
rhizome elongation rates were significantly predicted by the
genetic diversity (observed heterozygosity, H,,) of mead-
ows; we expected this because meadow genetic diversity
has been previously shown to promote seagrass recovery
(Massa et al. 2013).

Results

Description of environmental context
and genotypic/genetic diversity of meadows

Meadows from Mallorca were at shallower waters (2-3 m
depth) than those from Alicante (9—12 m depth) and Gran
Canaria (5-10 m depth) (Table 1). However, meadows from
Mallorca were under less mean available light regimes rela-
tive to those from Alicante and Gran Canaria (Table 1).
Within each region, meadows varied in extension (area) in
an order of magnitude, with meadows from Alicante being
larger than those from Mallorca and Gran Canaria (Table 1).
Initial shoot densities at each meadow also varied within and
between regions (Table 1). Overall, the genotypic (clonal
richness, R) genetic and diversity, in terms of allelic rich-
ness (A 38) and heterozygosity (H,,, and H,,,) of seagrass
meadows from Gran Canaria were lower than those from the
Mediterranean meadows (Appendix 1 in ESM).

Trajectories of seagrass resilience

Patterns of seagrass meadow resistance and recovery nota-
bly differed between the three regions. Visually, resilience
of seagrass meadows from Gran Canaria (Fig. 2) was low
relative to meadows from the Mediterranean, includ-
ing both Alicante (Fig. 3) and Mallorca (Fig. 4). These
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Fig.2 Changes in seagrass shoot density before, during and after the
light deprivation events at meadows from Gran Canaria: a Gando, b
Castillo and ¢ Arinaga. The vertical lines indicate the start and the
end of the light deprivation treatment. Error bars are+ SE of means
(N=4). The grey and black arrows denote the ‘return time’ for the
moderate and high shading plots, respectively (the first post-pertur-
bation time, in which there was no differences in shoot abundances
between perturbed and control plots). Date format is day/month/year

patterns were statistically demonstrated with the results
from the model selection procedures for both shading
experiments. Initial resistance to shading of both intensi-
ties (high and moderate) significantly increased with the
genetic diversity (H,,) of the meadow (Table 2). In addi-
tion, our model selection suggested that clonal richness
(R, Table 2) may be a parsimonious predictor to explain
meadow resistance to shading of both intensities.

Subsequent seagrass meadow recovery, measured as 1/
return time, was significantly facilitated by initial resist-
ance to shading of both intensities (Table 3, Fig. 5). The
sigmoidal fitting underpins a non-linear relationship
between seagrass recovery and resistance (Fig. 5). A
visual threshold in resistance, at a ca. 70% of shoot abun-
dance retained during the light deprivation treatments, was
detected, which denotes a critical point that notably delays
seagrass recovery if exceeded.
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Fig.3 Changes in seagrass shoot density before, during and after
the different light deprivation events at meadows from Alicante:
a Tabarca, b Albufereta and ¢ San Juan. The vertical line indicates
the start and the end of the light deprivation treatment. Error bars
are+SE of means (N=4). The grey and black arrows denote the
‘return time’ for the moderate and high shading plots, respectively
(the first post-perturbation time, in which there was no differences in
shoot abundances between perturbed and control plots). Date format
is day/month/year

Intensity of seagrass sexual and asexual processes

Seed densities were higher at meadows of high resistance
and quick recovery (Appendix 6 in ESM). In contrast,
mean meadow rhizome elongation rates were independ-
ent of trajectories of resistance and recovery (Appendix 7
in ESM). The mean density of seeds per meadow (Table 1)
was significantly (P-value =0.01) predicted by the genetic
diversity (H;,) of the meadow; meadows of high genetic
diversity showed larger seed densities relative to meadows
of low genetic diversity (Fig. 6a). On the other hand, mean
meadow elongation rates of apical shoots (Table 1) were
not predicted (P-values > 0.2) by seagrass meadow genetic
diversity (Fig. 6b).
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Fig.4 Changes in seagrass shoot density before, during and after the
light deprivation events at meadows from Mallorca: a Formentor,
b Aucanada, and ¢ Es Barcarés. The vertical line indicates the start
and the end of the light deprivation treatment. Error bars are +SE of
means (N=4). The grey and black arrows denote the ‘return time’ for
the moderate and high shading plots, respectively (the first post-per-
turbation time, in which there was no differences in shoot abundances
between perturbed and control plots). Date format is day/month/year

Discussion

Seagrass degradation and subsequent recovery depends on
the relative timescales of resistance and recovery, according
to varying intensity, duration and frequency of perturbations
(O’Brien et al. 2018). Our experimental approach was based
on simulated perturbations of the same intensity, extent and
duration over seagrass canopies at meadows under differ-
ent ecological and environmental contexts. By embracing a
‘resistance-recovery’ strategy, this study has provided evi-
dence that the temporal scale of seagrass recovery after a
perturbation is determined by initial resistance during the
perturbation phase. Although it could be initially criticized
that we did not measure resilience of particular ecosystem
functions (sensu Olivier et al. 2015), we followed a state
variable, i.e., shoot abundances, which underpins several
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Table 2 Model selection for

. . Intercept Initial shoot density Hpe R df AlCc Weight
seagrass resistance, according
to predictive environmental High shading
(Table 1) and genetic attributes Model3 00309 - 1414235 — 3 8966 05576
(H,p,: observed heterozygosity,
R: clonal richness, Appendix 1 Model 4 —404564 - - 131.3288 3 90.64  0.3426
in ESM) initially identified by Model 7 -31.2247 - 92.1257 67.8287 4 9537 0.0320
the “stepwise’ procedure Model 5 13.2321 - 0.0384 1852648  — 4 9545  0.0307
Model 2 31.7695 0.0355 - - 3 96.05 0.0229
Model 6 —40.2771 - 0.0286 - 162.0571 4 97.12  0.0133
Model 1 —26.6502 - 0.0581 134.1437 101.2145 5 103.54  0.0005
Model averaged coefficients
Coefficient — 14.26 —-0.011 141.04 127.10
SE 36.61 51.54 54.52 0.05
Adj. SE 41.96 62.23 64.97 0.06
Z value 0.34 0.19 2.26 1.95
P-value 0.73 0.84 0.02 0.06
Moderate shading
Model 3 21.5150 - 109.7614 3 89.24  0.5003
Model 4 -10.5180 - - 102.7115 3 89.78  0.3833
Model 2 50.8596 0.0219 - - 3 94.04  0.0454
Model 5 35.2972 -0.0401 155.5321 - 4 94.82  0.0308
Model 7 —3.4676 - 70.3575 54.2157 4 95.47  0.0221
Model 6 —10.3144  -0.0325 - 137.6010 4 9595 0.0175
Model 1 1.0221 -0.0570 111.5985 86.9841 5 103.86  0.0003
Model averaged coefficients
Coefficient  9.87 —0.008 110.73 101.60
SE 34.80 0.04 50.33 50.36
Adj. SE 40.23 0.05 60.40 60.44
Z value 0.24 0.16 1.83 1.68
P -value 0.80 0.87 0.06 0.09

Models are ranked by their AICc; results are shown with the models sorted from the best (top) to the worst
(bottom). Model coefficients and intercepts are specified for each model, including degrees of freedom (df).
The weight (from 0 to 1) of each model denotes how likely each model is. Model-averaged coefficients
(through conditional averaging), including estimates and associated SE, and P-values, are included for each

predictor variable

ecosystem functions of seagrass meadows, e.g., supply of
primary production (Roca et al. 2016) and provision of habi-
tat for associated biota (Gartner et al. 2013).

For studies adopting a ’bivariate resilience’ approach,
Nimo et al. (2015) established several types of relationships
between measures of resistance and recovery, one of them
being the existence of a positive connection between resist-
ance and recovery, which is what we detected in our study.
Specifically, our results demonstrate that a large initial resist-
ance, i.e., a small loss of plant shoots, facilitated a quick
recovery, i.e., a short return time to initial conditions. A
priori, this might suggest that mechanisms limiting deleteri-
ous change (i.e., providing resistance) and those processes
facilitating recovery from perturbation (here, shading) would
be analogous (Nimo et al. 2015). Initially, mechanisms con-
ferring seagrass resistance to light limitation majorly include
physiological processes at the shoot-scale, such as increased

@ Springer

efficiency of radiation capture, consumption of stored car-
bon reserves, and decrease in growth rates and carbon loss
(Ralph et al. 2007; O’Brien et al. 2018). In our case-study,
moreover, translocation of resources between adjacent
shoots is also plausible, because we maintained the below-
ground clonal integration of seagrass shoots within plots
with those outside plots (Tuya et al. 2013a).

Mechanisms mainly contributing to seagrass recovery
include vegetative rhizome elongation by the formation of
new shoots from apical shoot meristems, re-growth from live
vertical meristems, as well as the development of seedlings
via seeds derived from sexual reproduction events (Hem-
minga and Duarte 2000; Kendrick et al. 2012; El-Hacen
et al. 2018); these mechanisms mostly operate at the meadow
(population) patch scale. Because the timeframes of recov-
ery were conditioned to initial resistance at the meadow-
scale, the relative contribution of these processes (sexual
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Table3 Model selection for Intercept Light Resistance df AlCc Weight
seagrass recovery, according
to predictive environmental High shading
and genetic attributes initially Model 2 13.8504461 - ~ 0.0902 5585 05762
identified by the ‘stepwise’
procedure Model 3 10.8767768 —0.0001 - 56.81 0.3560
Model 1 14.2987733 —0.0001 —0.0686 4 60.13 0.0676
Model averaged coefficients
Coefficient 12.82 —0.00017 -0.08
SE 2.73 0.00008 0.03
Adj. SE 3.15 0.0001 0.04
Z value 4.06 1.59 1.86
P-value 0.00001 0.11 0.05
Moderate shading
Model 3 18.4176 - —0.15624397 3 55.56 0.9596
Model 1 18.5850 4.617E-05 —0.16788011 4 62.44 0.0307
Model 2 9.0718 —0.00012196 - 3 64.75 0.0096
Model averaged coefficients
Coefficient 18.33 0.000005 —-0.15
SE 322 0.0001 0.04
Adj. SE 3.85 0.0001 0.04
Z value 4.76 0.03 3.15
P-value 0.00001 0.96 0.001

Models are ranked by their AICc; results are shown with the models sorted from the best (top) to the worst
(bottom). Model coefficients and intercepts are specified for each model, including degrees of freedom (df).
The weight (from 0 to 1) of each model denotes how likely each model is. Model-averaged coefficients
(through conditional averaging), including estimates and associated SE, and P-values, are included for each

predictor variable

versus asexual propagation) to recovery most likely change.
Previously, asexual recolonization has been identified as
the prevalent mechanism of recovery when experimental
plots are slightly altered, or the size of the perturbed patch
is small; a priori this should be the main mechanism contrib-
uting to recovery of our disturbed plots. In contrast, sexual
reproduction (i.e., appearance of seedlings from seeds) tends
to be more relevant when plots are severely affected, and/or
the size of the disturbed area is much greater than that area
potentially colonized through vegetative growth (El-Hacen
et al. 2018; O’Brien et al. 2018). The tempo of both types
of mechanisms is very different. At small-scales, regenera-
tion through vegetative (asexual) propagation is quick, while
at landscape-scales regeneration under this mechanism is
considerably delayed (O’Brien et al. 2018). In turn, sexual
reproduction becomes important for seagrass recovery from
disturbances at large temporal scales (Paulo et al. 2019).
Initial seagrass resistance during adverse conditions
involves some degree of physiological adaptation to per-
turbations (Hemminga and Duarte 2000; O’Brien et al.
2018). At the meadow-scale, our study demonstrated that
the genetic diversity (here measured through the H,
observed heterozygosity) of the meadow notably associ-
ates to initial resistance. Importantly, however, genetic
diversity was correlated to meadow genotypic diversity

(clonal richness, R, Appendix 5 in ESM), as also shown in
other seagrass species (e.g., Posidonia oceanica; Jahnke
et al. 2015), so both mechanisms covary and cannot be
disentangled. In turn, our model selection procedure also
pointed out that clonal richness (R) could also be a relevant
driver of meadow resistance to shading. In other seagrass
field experiments, it was unrealistic to dissociate the effect
of allelic and genotypic diversity, so each one could reflect
the other and be an equivalent proxy for the resistance
or resilience of seagrass populations (Massa et al. 2013).
In any case, at first, a large and more diverse number of
genotypes (seagrass clones) per area represent an optimal
scenario for initial acclimation and adaptation to perturba-
tions, including shading episodes (Hughes and Stachowicz
2004; Procaccini et al. 2007; Jahnke et al. 2015; Salo et al.
2015; Evans et al. 2017). Moreover, it could be criticized
that certain confounding factors may concurrently drive
resilience patters. For example, it is true that sea water
temperatures seem to be confounded with genetic patterns.
However, mean sea water temperatures during the study
were very similar among meadows (Table 1; mean tem-
peratures at Alicante and Mallorca were around ca. 19 °C,
while at Gran Canaria mean temperatures were around ca.
20 °C). As a result, it is unlikely that water temperatures
drive varying resilience patters among meadows.
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Fig.5 Bivariate resilience plots, where meadow recovery (‘1/return
time’) is expressed as a non-linear function of prior resistance (the
proportion of shoot abundances retained during the light deprivation
treatments). Fitted sigmoidal curves are plotted for a high and b mod-
erate shading treatments. Values (with statistical significance) of the
4-parameters (‘b’, ‘c’, ‘d’ and ‘e’, where ‘d’ denotes the asymptote) of
sigmoidal adjustments are also included

In our case-study, different ecological/environmental con-
texts, and population histories between the three regions help
to understand differences in resistance according to genetic
diversity (Tuya et al. 2019). Notably, our results also demon-
strated that seagrass recovery was positively correlated with
genetic diversity, because seed production was significantly
correlated with meadow genetic diversity. A correlation
between heterozygosity and sexual reproduction has also
been found for other seagrasses, indicative of sexual suc-
cess (Jahnke et al. 2015; Ruiz et al. 2018; Paulo et al. 2019).
It was remarkable that the energetic costs of intense sexual
reproduction (flowering and fruiting) in these meadows does
not seem to compromise their asexual propagation, because
rhizome elongation rates were similar between meadows.
Because asexual propagation was similar between meadows,
this is a mechanism promoting recovery irrespective of the
meadow levels of genotypic/genetic diversity and ecological/
environmental settings of the meadows.
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Fig.6 Relationship between a the mean number (density) of seagrass
seeds and the genetic diversity of meadows (observed heterozygosity,
Hpe: y=2056.9x — 527, R*=0.62, P=0.01), and b between mean
meadow rhizome elongation rates and the genetic diversity (P>0.2)
of meadows

In our study, we experimentally simulated 1 m? plot dis-
turbances, as a compromise between experimental feasi-
bility and scenarios of light reductions. Of course, a large
shading event (for example, river runoff, port construction)
could severely affect most of the area covered by the sea-
grass, therefore decreasing the ‘buffering’ effect provided
by seagrass clonal integration from adjacent shoots (Tuya
et al. 2013b). Hence, our experimental approach may have
underestimated resistance and recovery rates. Understand-
ing resilience of ‘foundation species’ implies, among other
things, describing and identifying thresholds and the non-
linear dynamics of ecological units (Nystrom et al. 2012;
Boschetti et al. 2019). In particular, seagrass resistance
and recovery are influenced by complex feedbacks (Max-
well et al. 2016). In our study, a threshold in resistance,
at a ca. 70% of shoot abundances retained during shad-
ing, was evident. Despite this threshold is conditioned
to the scale of our experimental plots, and the fact that
light-induced perturbations can operate at larger scales,
it does suggest the existence of critical points in terms of
resistance, which would greatly delay seagrass recovery



Oecologia (2021) 196:515-527

525

if overpassed. Such knowledge has practical significance,
contributing to more effective management of seagrass
meadows. Specifically, managers focussing on the conser-
vation of seagrass meadows should aim at unravelling such
critical thresholds for their target seagrass species and the
range of impacts that might affect their health. This study
has demonstrated that, for our case-study seagrass, con-
servation strategies majorly focussing on resistance (e.g.,
through controlling levels of impacts) may be more impor-
tant than strategies focussing on facilitating recovery, for
example via transplants of vegetative fragments or seed-
lings produced in vitro (see Bulleri et al. 2018 for a series
of possible management action on ‘foundation species’).
Moreover, in practice, it is almost virtually impossible to
assess if, in general, seagrass recovery is delayed because
environmental conditions prolong seagrass absence, or
simply because of a lack of source material for replen-
ishment (O’Brien et al. 2018). Several processes can,
moreover, interrupt seagrass recovery, because of certain
feedbacks preventing recolonization (Maxwell et al. 2016;
Nystrom et al. 2012). In brief, keeping high resistance
against perturbations is the best way to assure resilience
and persistence of seagrass meadows. Estimation of criti-
cal trade-offs between seagrass resistance and recovery is a
promising field of research that will help to better manage
seagrass meadows.
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