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ABSTRACT

Changes in light and sediment conditions can sometimes trigger abrupt regime shifts in seagrass meadows
resulting in dramatic and unexpected die-offs of seagrass. Light attenuates rapidly with depth, and in seagrass
systems with non-linear behaviours, can serve as a sharp boundary beyond which the meadow transitions to bare
sand. Determining system behaviour is therefore essential to ensuring resilience is maintained and to prevent
stubborn critical ecosystem transitions caused by declines in water quality. Here we combined field and
modelling studies to explore the transition from meadow to bare sand in the seagrass Cymodocea nodosa at the
limit of its depth distribution in a shallow, light-limited bay. We first describe the relationship between light
availability and seagrass density along a depth gradient in an extensive unfragmented meadow (Alfacs bay, NE
Spain). We then develop a simple mechanistic model to characterise system behaviour. In the field, we identified
sharp decline in shoot density beyond a threshold of ~1.9 m depth, shifting from a vegetated state to bare sand.
The dynamic population model we developed assumes light-dependent growth and an inverse density-dependent
mortality due to facilitation between shoots (mortality rate decreases as shoot density increases). The model
closely tracked our empirical observations, and both the model and the field data showed signs of bistability. This
strongly suggests that the depth limit of C. nodosa is a critical transition driven by photosynthetic light re-
quirements. While the mechanisms still need to be confirmed with experimental evidence, recognizing the non-
linear behaviour of C. nodosa meadows is vital not only in improving our understanding of light effects on
seagrass dynamics, but also in managing shallow-water meadows. Given the shallow threshold (<2m), light-
limited systems may experience significant and recalcitrant meadow retractions with even small changes in
sediment and light conditions. Understanding the processes underlying meadow resilience can inform the
maintenance and restoration of meadows worldwide.

Introduction

complete reorganization of species-environment interactions, is usually
simpler and less diverse, and is often functionally poorer. Non-linear

Ecosystems emerge as a product of species interactions — both with
each other, as well as with their environment. These interactions often
result in dynamic systems that show complex non-linear behaviors in
response to changing conditions (Conversi et al., 2015). Many complex
ecosystems are inherently surprising: relatively minor increments of a
stressor can lead to abrupt and catastrophic shifts to another state
(Scheffer et al. 2001). The shifted state (forward shift) involves a
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system behaviours are usually characterised by stabilizing feedback
mechanisms that confer a degree of resilience against collapse (Scheffer
et al., 2001). When the simpler shifted state also reorganizes around a
set of stabilizing mechanisms, the system displays hysteresis and re-
mains resilient to recovery even when stressful conditions abate
(Scheffer et al., 2001; Nystrom et al., 2012). Such bistable systems can
therefore exist in either ecosystem state at exactly the same level of
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stressor (Scheffer and Carpenter, 2003; Conversi et al., 2015), and shifts
between alternative states occur through “critical transitions” (Scheffer
et al., 2001).

Instances of critical transitions in both terrestrial or aquatic ecosys-
tems are widespread, from savannas to lakes and coral reefs, and there is
growing interest in understanding their underlying dynamics (Scheffer
and Carpenter, 2003). They present a formidable challenge to our ca-
pacity to predict large changes in ecosystem state, and studies have
focused on identifying an impending collapse and on understanding the
feedback mechanisms that promote ecosystem resistance (Barbier et al.,
2008; Duarte et al., 2009; Maxwell et al., 2017; Berdugo et al., 2021).
However, we are still far from fully understanding the interacting
drivers of abrupt changes in most ecosystems well enough to effectively
predict (and, following predictions and taking adequate actions, miti-
gate and/or prevent) their collapse (Holling, 1973; Scheffer et al., 2001).

Critical transitions are relatively common in nearshore ecosystems,
and reports of their collapse are growing increasingly frequent with the
combined anthropogenic stressors of overfishing, pollution and global
warming (Ling et al., 2015; Wernberg et al., 2016; Melis et al., 2019;
Wang et al., 2020; Verdura et al., 2021). Examples of coastal ecosystem
collapse include, for instance, the overharvesting of tropical herbivore
fishes, that has resulted in shifts from coral to macroalgal-dominated
bottom in Caribbean reefs (Kennedy et al., 2013), or the herbivorous
sea urchin outbreaks in temperate areas caused by overfishing of their
fish predators, and resulting in the expansion of barrens (Estes and
Palmisano, 1974; Filbee-Dexter and Scheibling, 2014; Ling et al., 2015)
or shifts in nutrient regimes (Tett et al., 2007). Critical transitions have
also been observed in seagrass meadows, shifting from communities
with lush vegetation to bare sand associated to an increase in sediment
and nutrients supply (McGlathery et al., 2013).

Seagrass meadows are among the most structurally important and
biodiverse habitats in coastal waters, and support coastal societies with
a host of essential goods and services. Seagrass meadow collapses can
represent significant losses to dependent human communities
(McGlathery et al., 2007; Fourqurean et al., 2012; Christianen et al.,
2013). Like other coastal systems, seagrass meadows are exposed to
multiple anthropogenic stressors which act together to erode their
resilience (Unsworth et al., 2015). These include changes in sediment
biogeochemistry (Holmer and Hasler-Sheetal, 2014), increases in sedi-
ment resuspension (McGlathery et al., 2013), warming (Arias-Ortiz
et al., 2018; Ontoria et al., 2019), eutrophication (Burkholder et al.,
2007) and herbivory (Prado et al., 2007; Arnold et al., 2008) among
others. While the decline of meadows to these stressors is relatively well
documented, there is still need to understand if seagrass responses
involve non-linear dynamics and critical transitions (but see Carr et al.,
2012; McGlathery et al., 2013) and the mechanisms that produce these
behaviors. The implications are non-trivial. Managing systems subject to
critical transitions requires completely different strategies, since stabi-
lizing feedbacks may mask an approaching threshold until it is too late
for ameliorative action. Additionally, bistable systems are remarkably
difficult to restore post-collapse, and it may require more than a mere
reduction of stressor levels for them to shift back to a more
socio-ecologically desirable state.

Large-scale meadow shifts to bare sand have been described linked to
eutrophication (Connel et al., 2017) increased sediment resuspension
(Carr et al., 2010; Connell et al., 2017) on light attenuation (Dennison,
1987). As stated earlier, the abruptness of these shifts suggests that the
system has several feedback mechanisms that contribute, implicitly or
explicitly, to the persistence of the vegetated state (Maxwell et al.,
2017). For instance, the capacity of seagrasses to absorb nutrients and
reduce their concentrations from the water column is a crucial mecha-
nism preventing phytoplankton or epiphyte growth and promoting
seagrass persistence (Nielsen et al., 2004). The presence of seagrass itself
could indirectly facilitate light penetration supporting further seagrass
growth (Carr et al., 2012). Moreover, seagrass canopies attenuate water
flow and trap fine sediment particles, enhancing deposition and
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reducing bottom susceptibility to resuspension, which feeds back to
increased water transparency (de Boer, 2007). Seagrasses also alleviate
the mechanical impact and erosion by hydrodynamic forces through the
protection provided by the leaf canopy. In particular, local erosion
should be greater at the edge of the meadow, compromising local plant
growth (Peterson et al., 2004; Maxwell et al., 2017). Seagrasses are
clonal species, and integration between ramets can be a powerful
facilitative mechanism of meadow resilience (Kendrick et al., 2005).
Because of positive ramet interactions, the rate of expansion of seagrass
patches accelerates with size (Vidondo et al., 1997; Marba and Duarte,
1998; Kendrick et al., 1999; Sintes et al., 2005). Feedbacks have been
proposed between seagrass growth and the physical environment due to
clonal integration (Duarte and Sand-Jensen 1990; Olesen and
Sand-Jensen, 1994; Vidondo et al., 1997; Ramage and Schiel 1999).
Taken together, clonal integration, physical protection and enhance-
ment of water transparency, hint that seagrass meadows have several
facilitative mechanisms that promote their resilience and can result in
density-dependent survival in the meadow.

Seagrass abundance (shoot density and/or cover and/or biomass)
usually decreases with depth; beyond a point the plant disappears,
strongly linked to declining light availability (Duarte, 1991). This
transition is often not a gradual thinning out, but, as seen in Fig. 1, can
often be a sharp boundary (Dennison, 1987; Duarte, 1991; Mayot et al.,
2005; Collier et al., 2007; Boudouresque et al., 2009; Enriquez et al.,
2019), hinting at a non-linear relationship between seagrass abundance
and light. If the depth limit of meadows represents a critical transition, it
has far-reaching implications, not merely for advancing our under-
standing of light effects on seagrass dynamics, but also for the man-
agement of the ecosystem. The contraction of seagrass depth limits with
declining environmental condition can lead to large losses in the areal
extent of meadows (Dennison, 1987; Duarte, 1991; Nielsen et al., 2002;
Duarte et al., 2007). In fact, the seagrass depth limit is commonly used in
biomonitoring programmes related to eutrophication (Lopez y Royo
et al., 2010). For shallow-water seagrasses with narrow depth ranges,
even a small reduction in depth limits can be potentially devastating. In
this context, the regime shift framework represents not only an adequate
tool to better understand the depth limit of seagrass distribution, but is
also an opportunity for increasing our understanding of seagrass-light
interactions and, to help identify mechanisms underlying critical tran-
sitions in seagrasses. The regime shift perspective can be combined with
water clarity monitoring programs to detect conditions that endanger
the ecosystem and, in the absence of any action, would lead to its
collapse (Saunders et al., 2013). This understanding would contribute to
reducing the unpredictability of massive seagrass losses as a conse-
quence of relatively small changes in the light regime, caused either by
natural or, increasingly, man-made disturbances, giving a chance to
possible management actions aimed at preventing these losses.

Our working hypothesis here is that the transition from a seagrass
meadow state to a bare sand state in the deep limit of meadow distri-
bution can be best described by an abrupt change caused by a reduction
in the available light beyond a given threshold. This abrupt change is
based on the breakdown of resilience mechanisms linked to clonal
integration. To test this hypothesis, we use complementary empirical
and modelling approaches. First, we explore the type of transition be-
tween seagrass abundance (shoot density) and sand along the depth
gradient in a dense and extensive meadow of Cymodocea nodosa in a
shallow embayment (Fig. 1). Then, we develop a mechanistic model to
approximately reproduce the observed behaviour of the system. The
model explores the relation between plant abundance and light along a
depth gradient. In the model we assume the existence of clonal inte-
gration between ramets, as well as other protective effects (see previous
paragraphs and Nielsen et al., 2004; de Boer 2007; McGlathery et al.,
2013) that result in a density-dependent avoidance of mortality, acting
as a stabilizing feedback that contributes to the resilience of the vege-
tated state.
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Fig. 1. Upper panel: Edge of Cymodocea nodosa meadow on its deep limit in Alfacs bay, Ebro Delta, showing a sharp transition between the meadow and the bare
sand. Photo: Marta Pérez. Lower panel: Study area and sampling transects on a depth gradient (black bars) and detail of the sampled points (in yellow, n = 119).

Materials and methods
2.1. Empirical approach

2.1.1. Study site and sampling methodology

Our field observations were conducted in the Alfacs Bay (Ebro River
Delta), a shallow embayment (up to 6 m deep) with an estimated area of
50 km? located in the Northwestern Mediterranean. The bay has
extensive seagrass meadows of C. nodosa that grow from the surface to
2-3 m (Pérez and Camp, 1986). The embayment receives seasonal
freshwater inputs as runoff from rice paddy fields, causing high nutrient
and organic matter concentrations and suspended materials increasing
water turbidity (Pérez et al., 1994).

Sampling took place in two consecutive years. To avoid seasonal
variability, sampling was performed over a short period (3 days) in June
2018 and June 2019, when the seasonal peak in seagrass biomass and
shoot density occurs (Mascaro et al., 2014). In order to empirically
assess the relationship between plant abundance and available light, we

extensively sampled the meadows, to characterise the depth gradient
(cross-shore, from 0.4 to 3.6 m) and potential horizontal variability
(long-shore), with a total of 119 sampling points for the two years
(Fig. 1). Sampling points were randomly selected at each depth range,
and distributed along approximately 10 km of seagrass meadow (Fig. 1).
At each sampling site, we collected all the plant material within a
hand-held corer (15 cm internal diameter, pushed 30 cm into the sedi-
ment), according to Pérez et al. (2001). In 2018, each sample was
thoroughly rinsed in situ with seawater to eliminate the sediment, and
plant material sealed in plastic bags, immediately frozen and carried to
the laboratory where it was conserved at —25 °C until processing, which
consisted in counting the number of shoots. In 2019, in order to optimize
sampling effort, the shoots were counted in the field, and no samples
were transported to the laboratory. The number of shoots obtained at
each sample was transformed to shoot density (shoots m~2) and then
presented as a percentage relative to the maximum value of shoot
density found (5375 shoots m-2).

At each sampling point and in both years, incident light as PAR
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(photosynthetically active radiation) was measured using a LI-COR: LI-
1000 Data Logger, immediately below the surface and at the top of the
plant canopy (or 20 cm above the sediment in the absence of plants).
Values were obtained integrating 1 min of readings, and percent light
extinction (relative to subsurface irradiance) was computed for each
point as a proxy for light deprivation stress. These light measurements
are merely indicative, as they were taken close to the yearly maximum
light availability, and do not incorporate the strong seasonality of the
site (Pérez and Romero 1992).

2.1.2. Statistical analyses

To statistically assess the type of relationship between seagrass
abundance (as shoot density) and depth (or light attenuation), and to
identify a potential threshold of abrupt transitions, we used the R
package, strucchange (Zeileis et al., 2001; Andersen et al., 2009; R Core
Team, 2021). We computed maximum values of shoot density associated
to a given depth (or light) as input to the algorithm. Based on different
fitting to linear regressions, the algorithm divides our dataset into
groups. We used this to identify the potential change points between
groups of data. To assess their significance, an F-statistic (Chow test) was
computed as has been done for time-series and other data types (Zeileis
et al., 2001; Boada et al., 2017). The F-statistics is calculated for all
potential change points in the dataset interval. The null hypothesis of no
structural change or unique linear regression for the whole dataset can
be rejected if the F-statistic is large and crosses the boundary of the 95%
level of probability (Zeileis et al., 2001).

2.2. Modeling approach

We developed a mechanistic plant abundance-light attenuation
model (1) based on the interplay of two dynamic components, plant
growth and plant mortality.

For growth, we assumed that C. nodosa abundance (as shoot density,
B) follows a logistic pattern driven by the available light F(I), limited by
the carrying capacity Bpax. Respiration (Rq) was included as a constant
and negative contribution to growth.

Mortality was assumed to be a function of shoot density (5(B)).

Growth and mortality were expressed on a per capita basis, resulting
in

‘;—If: [F(I)(l— u

max

> - RJ} B —[5(B)|B (€]

The relationship between growth rate and light is described by a
Michaelis-Menten function (Pérez and Romero, 1992), with linear in-
crease until saturating irradiance K, leading to a growth asymptote

Fmax~

_ Fmaxl

F(I)=
() 1+ K,

(2)

Mortality follows an asymptotic decreasing function of density,
assuming that, as density increases, either clonal integration or protec-
tive effects (or both) among shoots result in intraspecific facilitation,
reducing shoot mortality and acting as a reinforcing feedback. We
consider mg the basal mortality, while the facilitation effect is ¢, which
begins to be relevant beyond a threshold of shoot density B,, which is
expressed as:

1

5(B) = mom 3)
Thus, combining (1), (2) and (3) we obtain:

dB Foul B 1

== 1— —Rd|B- |my———|B

di |1 +K, < B) d] [m"l + expf(B*Eﬂ)} @

Population growth rate adopted a quadratic form, with null values at
zero density and at the carrying capacity density (Bnax), while popula-
tion mortality rate was null at zero density, increasing sharply until a
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maximum and then decreasing smoothly (Fig. 2a and b). The interaction
between our two dynamic components (growth and mortality rates,
equation solves) results in three points (A, B and C in Fig. 2c) where the
net change of the system is zero (dB/dt = 0). To explore these three
equilibrium points, we numerically solved the ODE (Ordinary Differ-
ential Equation) (4) using the deSolve package in R software (Soetaert
et al.,, 2010; R Core Team, 2021). We qualitatively assessed the inter-
action between both rates and evaluated the local stability of the model
using a Jacobian matrix and numerically solved equilibrium, imple-
mented by the jacobian.full function in R package rootSolve (Soetaert,
2015). Moreover, to appraise the effect of light deprivation stress, we
analyzed growth and mortality rates, and their balance, for different
depths. Depth has an effect to incident irradiance following an expo-
nential and negative relation through a light extinction coefficient (a),
according to the following expression (Ryther, 1956):

1, = Ipe™

where Iy is the surface irradiance and I, the irradiance at depth h. The
range of simulated depths (0-6 m) was in accordance with the real depth
range in our study site. Finally, to identify the bistable region predicted
by our model over the depth gradient, we conducted a bifurcation
analysis using the rootSolve package in R software (Soetaert, 2014). This
allowed us to identify different equilibrium points, stable or unstable,
for a range of depths.

To parameterize the model and to keep it as close as possible to the
real world, the values of the parameters were chosen based on the
empirical data obtained here or available from literature (Table 1, Pérez
and Romero, 1992; Mascar6 et al., 2014).

Results
3.1. Empirical approach

Shoot density of C. nodosa decreased with depth displaying a sub-
stantial variability, particularly between 0.5 and 2.5 m (Fig. 3a). The
highest values (100% relative to the maximum value found, 5375 shoots
m~2) appear between 0.5 and 1 m deep, with an abrupt decrease close to
2 m depth to values as low as 7-8% (relative to the maximum
mentioned, Fig. 3a). The same data plotted against light (expressed as a
percentage relative to subsurface light) show the same trend, but with
even more dispersion (Fig. 3b). The Chow test indicated a significant
threshold at 1.9 m depth (Fig. 3a), and 61% light (as extinction relative
to subsurface irradiance), beyond which the meadow collapses to almost
bare sand (Fig. 3b; and see also Fig. 3c and d for the statistics).

Shoot density before and after the threshold (mean values repre-
sented by green lines in Fig. 3a and b) shows an abrupt decrease, with a
drop to near zero in the interval between 1.7 and 2.1 m deep.

3.2. Modeling approach

The model was numerically analyzed using the values of the pa-
rameters defined in Table 1 for a depth in accordance with a realistic
depth range at our study site (0-6 m).

At 1 m depth, the interplay of these two curves results in three
equilibrium points A, B and C, which correspond to values on the X-axis
for C. nodosa shoot density: (By) when both rates have null values at
shoot density of 0% (eigenvalue of the Jacobian matrix, 4 = — 0.03);
(Bp) at shoot density of 24% (relative to the maximum density found,
eigenvalue, 2 = 0.03); and (Bc) at shoot density of 88% relative to
maximum density found (eigenvalue, 1 = — 0.06). According to these
results, when seagrass meadow density is between B and Bg, density
will tend to decrease to By (zero, bare sand), given that mortality is
higher than growth. In contrast, when seagrass meadow density is be-
tween Bp and B, density will tend to increase to B¢ (dense and stable
meadow), since growth is higher than mortality. Finally, when density is
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C. nodosa shoot density
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Fig. 2. (a) Population growth and (b) mortality rate of Cymodocea nodosa as a function of shoot density at default parameters of the model (eq. (4); Table 1), and 1 m
depth. (c) Equilibrium points of system (A, B and C) due to growth and mortality rates interaction, where dB/dt = 0. Bp,a« is the maximum shoot density, i.e. the

carrying capacity, see eqs. (1) and (4).

between B¢ and B4, density will tend to decrease to B¢, since mortality
is again higher than growth. Therefore, A and C are stable points, while
B is an unstable point (Fig. 4, bottom).

Simulations at different depths modify the position of equilibrium
points B and C as a consequence of changes in light that diminish sea-
grass growth (Fig. 5a). The basin of attraction of each stable state is also
modified with depth (Fig. 5b). Solving the model and determining the
equilibrium points (both stable and unstable) at a variety of depths in-
dicates three dynamic properties: (i) the vegetated stable equilibrium
(Fig. 5a, filled points C) sustains lower values of shoot density at greater
depths; (ii) at depths greater than 3 m, the system has only one state
possible (bare sand, Fig. 5a, filled points A, Fig. 5¢ above dashed red
line); (iii) depth increase results in an increase in the distance between
the unvegetated stable state (Fig. 5a, filled points A) and the unstable
point (Fig. 5a, empty points B), which corresponds to a greater basin of
attraction of the bare sand state (Fig. 5b).

Based on the model results, at shallow depths (0.5-1 m) the

probability of a state shift from vegetated to bare sand is low (and,
therefore, the system is more resilient), as indicated by the distance in
the graph between vegetated stable point C and the unstable equilibrium
point B (Fig. 5a). Seagrass resilience decreases as depth increases
(Fig. 5b and c) as indicated by the increasing proximity between points B
and C (Fig. 5a). According to the model, the system is bi-stable from 0.5
to 3 m, while, from 3 m depth onwards, the only possible state is the bare
sand (Fig. 5¢). Differences in values aside, the same bi-stable dynamic
coincides with the pattern observed in Fig. 3, including (roughly) the
critical depth beyond which vegetation disappears.

Discussion

Both field and modelling approaches confirm that Cymodocea nodosa
seagrass meadows have strongly non-linear behaviours at their depth
limits linked to light deprivation. Light-dependent growth and inverse
density-dependent mortality supports the resilience of this system, but
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Table 1
Setting of default values and dimension for model variables and parameters.
Default  Unit Description References

Variables
B shootm™2  C. nodosa shoot density

(relative value (%))
I pmol s~! Incident irradiance

m-2
Parameters
a 0.6 Light extinction coefficient Pérez and
Romero (1992)

Frnax 0.13 month ~! Net shoot recruitment rate at Mascaro et al.

saturating irradiance (2014)
Km 25 pmol s~* Saturating irradiance Pérez and

m2 Romero (1992)
Bmax 100 shootm 2 Carrying capacity
mo 0.19 month ! Mortality rate Mascard et al.
(2014)

e 0.05 Density dependent

facilitation coefficient
By 10 shootm™  Shoot density threshold for

facilitation effect
Rb 0.007 month ~!  Respiration rate Pérez and

Romero (1992)

beyond a (remarkably shallow) depth, these stabilizing feedbacks no
longer operate, and the dense seagrass meadow gives way abruptly to
bare sand. The complementary approaches used in this work highlights
the benefit of mixing modeling and observational studies to identify the
mechanisms enhancing resilience of natural ecosystems (Scheffer and
Carpenter, 2003). In our case study, Cymodocea nodosa meadows change
abruptly from a vegetated state with high to moderate shoot densities to

@ (b)
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an unvegetated state (bare sand) at ca. 2 m deep. At shallower depths,
seagrass density displayed a high variability, from high to near zero
shoots, suggesting a region of bistability typical of systems with alter-
native stable states. Although our sampling design did not allow us to
specifically test bistability, these observations suggest bimodality and
coexistence of the two alternative, potentially stable states. On the other
hand, our mechanistic model, based on a simple interplay between
light-dependent growth and density-dependent mortality, is consistent
with these empirical observations, showing a large region of bistability.
Although neither empirical field observations nor the mechanistic model
are conclusive evidence on their own, together they strongly suggest the
existence of a critical transition at the depth limit of the meadow.
Note that, given the strong seasonality and fluctuations of water
transparency, the light extinction observations (Fig. 3b) are merely
comparative between sampling points, and no great importance should
be given to the 60% extinction found at the 2 m depth threshold. Ac-
cording to previous results on light extinction in the area (Pérez and
Romero 1992), minimum light attenuation coefficients were in early
summer (the time of our sampling), while the highest ones were in
winter. Making a very rough estimate, we conclude that in winter only
20% of incident light (80% of light extinction) reaches the meadow at 2
m depth, and this would probably be the actual limiting factor to the
meadow development. Where the depth limit of seagrass meadows lies is
of considerable importance, as small retractions of this limit can imply
large areal meadow losses, with subsequent losses of the associated
ecosystem services. In the case of C. nodosa in Alfacs Bay, with a depth
limit of ~2m, the meadow does not have much to retreat before it
completely disappears. This may be true of many other meadows with
naturally shallow vertical distributions, which are particularly prone to
depth contractions due to declines in water quality. The location of the

Fig. 3. Cymodocea nodosa shoot density (% relative to
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Bare sand Cymodocea nodosa meadow
Fig. 4. Above: Population growth (green curve) and mortality rates (red curve)
of C. nodosa as a function of shoot density at default parameters of the model,
and 1 m depth. Closed dots represent stable equilibrium points (A, C), whereas
the open dot represents the unstable equilibrium point (B). Ba, Bg, B¢ are the
values of shoot density at each equilibrium point (A, B, C, respectively), and
Bmax is the maximum shoot density, i.e. the carrying capacity. The vertical red
line indicates a threshold, for which, to the left (densities < Bg), the meadow
density declines (mortality > population growth), while, to the right (densities
> Bp) it increases (mortality < population growth). Below: representation of the
basin of attraction for the two ecosystems stable states as an approximation to
the meadow status resilience.

depth limit has been used as a reliable bioindicator of water quality
(Krause-Jensen et al., 2005), and identifying the factors that control the
limits of distribution of seagrasses and the dynamics shaping them are
highly relevant for conservation and management purposes. Although
the ultimate driver of seagrass depth limit is clearly light (Duarte, 1991),
our results suggest that the interplay between light and seagrasses can be
more complex than previously thought. The balance between photo-
synthesis and respiration and light dependence has been often invoked
to determine the position of the depth limit of seagrass distribution
(Giddings and Eddlemon, 1978; del Barrio et al., 2014). However, if the
decline in seagrass abundance with depth was only dependent on a
simple and direct response to light attenuation, one would expect a
gradual decrease, a much more even distribution of density values be-
tween maximum and zero, and a smoother depth limit. This is not the
case in either our empirical data or in other species and/or areas (Mayot
et al., 2005; Collier et al., 2007; Boudouresque et al., 2009; Enriquez
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et al., 2019). Far from following a steady decline, seagrass density often
abruptly shifts to bare sand after a light attenuation threshold is
exceeded, suggesting the breaking of stabilizing feedback mechanisms
(Maxwell et al., 2017), eventually triggering the collapse that de-
termines the establishment of the seagrass depth limit (McGlathery
et al., 2013). Our results align with other studies in which they suggest a
similar mechanistic understanding of the neat shape shift typical of
edges (not necessarily in the depth limit) between seagrass and bare
sand habitats. These so-called spatially dependent mechanisms are
based on small-scale (20-30 m) self-facilitating and self-competitive
interactions that shape the landscape at kilometer-wide scales: from
the formation of bare sand circles interrupting an extensive meadow, to
strips and patches of vegetation over an expanse of bare sand.
(Ruiz-Reynés et al., 2017).

Several processes have been described as reinforcing feedbacks to
contribute to the stability of seagrasses related to light. Internally plant-
driven mechanisms such as physiological, morphological and structural
photoacclimation capacities can substantially increase the resilience of
plants to light deprivation (Ruiz and Romero, 2001; Marin-Guirao et al.,
2022). However, an important set of additional feedbacks are dependent
on a minimum density to maintain the meadow environment. Specif-
ically, when seagrasses attain a certain density, they can modify their
environment, establishing the conditions for further seagrass growth by
enhancing self-protection (Folkard, 2005), improving water clarity
(Abal and Dennison, 1996; Carr et al., 2012), increasing nutrient
retention (Maxwell et al., 2017) and, in particular, preventing sediment
resuspension and erosion (Carr et al., 2012; Hansen and Reidenbach,
2013). In addition, clonal integration in these species also facilitates
shoot growth (Vidondo et al. 1997; Kendrick et al. 1999, 2005; Sintes
et al., 2005). We introduced this feedback in our model in the form of
mortality attenuation as shoot density increases and it tracks our
empirical results quite closely. Independent from its biological basis, this
mechanism would result in density-dependent decrease in seagrass
mortality, and, incorporated in our model, confers bistability to the
system, as observed in the field.

Our mathematical model reproduces the balance between plant
population growth (light dependent) and mortality (density dependent,
as explained above) to reflect the collapse of the seagrass meadow at
depth. Modeling results show then that the higher the distance between
the unstable equilibrium point (Bg) and stable seagrass (Bc), the higher
the resilience of the meadow against disturbances (see Fig. 4). For
instance, if a disturbance occurs that causes mortality and then de-
creases density, two possibilities arise: (i) if the new density is above Bg,
the density will recover; (ii) if the new density is below Bg, the meadow
will shift to a bare sand state. At higher depths, this distance decreases
meaning that the capacity of the meadow to maintain a high-density
state is eroded. This has two implications. First, the equilibrium den-
sity (Bc) decreases with depth; second, the shoot density interval at
which the meadow can persist also decreases (Fig. 5a), becoming less
resilient (Fig. 5b). Finally, beyond a depth threshold (about 3 m),
mortality is higher than growth for any density, and the dynamic system
collapses to a single equilibrium point (bare sand).

The model is able to robustly reproduce the behavior of the system
along a depth gradient. We acknowledge that, like all models, ours is a
simplification of reality. Importantly, it does not incorporate most of the
internal stabilizing feedbacks outlined in previous paragraphs, nor does
it account for other potential feedbacks affecting the bare sand state, as
hydrodynamics implications of the edge of the seagrass meadow
(Scheffer et al., 2001; van der Heide et al., 2007; Carr et al., 2010;
Maxwell et al., 2017), that would most probably increase the hysteretic
behavior in the system. However, it is interesting to note that realistic
complex behaviors can be predicted with relatively simple assumptions,
and equally simple models (Boada et al., 2017).

Non-linearities make ecosystems predictability complex (Solé and
Bascompte, 2012), rending management inherently more difficult.
There have been several attempts to identify early warning indicators of
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Fig. 5. (a) Population growth (green lines) at default parameters and different
depths (0.5-6 m), and mortality rates (red line, note that mortality is depth-
independent), both as a function of shoot density, following the model. A, B,
C and By, as in Fig. 4. Closed dots represent stable equilibrium, and the open
dot represent the unstable one. (b) Representation of the basins of attraction
(green scaled) and states resilience (red and white bars) for bare sand and
meadow, respectively, through depth gradient (pink arrow, on the right side).
Again, stable and unstable equilibrium represented by dotted and opened dots,
respectively. (c) Density values of stable and unstable equilibrium points ob-
tained by the model solved for a range of depths (0-4m). Closed black line
represents stable equilibriums of bare (A) and seagrass (B), and opened line
represents the unstable equilibrium (B). Red-grey shaded area represents basin
of attraction of the bare sand state, whereas blue-grey shaded one represents
basin of attraction of the meadow state. Red dotted line indicates theoretical
tAhreshold for the shift from meadow to bare sand.

<

collapse helping to forecast at what specific level of stress transition are
likely to occur (Scheffer et al., 2009; Kéfi et al., 2014; Gsell et al., 2016).
However, they are generally based on time series, do not comprise a
mechanistic (ecological) understanding of the processes involved, and
signaling may not be exclusive to non-linear dynamics (Dakos et al.,
2015). As a result, their application to management or conservation is
sometimes difficult (Wouters et al., 2015; Kéfi et al., 2013; Rietkerk
etal., 2021). These phenomenological approaches would benefit greatly
from engaging with the underlying mechanisms that foster the resilience
and trigger abrupt transitions. As a practical tool, interdisciplinary ap-
proaches to dynamic systems (combining field and modelling ap-
proaches) are much more powerful in helping determine the thresholds
of stability, and in identifying if these changes represent critical tran-
sitions or not.

4.1. Conclusions

In summary, combining field observations with model simulations
allowed us to conclude that the depth limit of C. nodosa distribution is an
abrupt transition to bare sand, compatible with an alternative stable
state dynamic, and is potentially explained by density-dependent
avoidance of mortality. Given the generally clear-cut edges observed
in most seagrass depth limits, it is reasonable to conclude that our results
can be generalized beyond our specific case-study, although this remains
to be tested. Our findings highlight the interaction between internal
ecosystem feedbacks and abiotic factors, and can be a step forward in
reducing unpredictability in benthic ecosystems subjected to anthro-
pogenic stress. Current climate change scenarios paint a worrying pic-
ture of rising sea levels (Carr et al., 2012) and disrupted nutrient cycles
(Havens et al., 2001; Sardans et al., 2012). These projections make the
future of seagrass meadows increasingly bleak, and we should expect
further decreases in depth limits and a contraction of meadows from the
world’s coasts. Managing meadows into the future will require a much
better understanding of what drives critical transitions in seagrass eco-
systems, so we can design management actions to prevent them from
occurring.
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