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Long-term monitoring programs are fundamental to detect changes in ecosystem 
health and understand ecological processes. In the current context of increasing anthro-
pogenic threats on marine ecosystems, understanding the dynamics and response of 
communities becomes essential. We used data collected over 14 years in the REBENT 
benthic coastal invertebrates monitoring program, at a regional scale in the North-East 
Atlantic, covering a total of 26 sites and 979 taxa. Four distinct habitats were studied: 
two biogenic habitats associated with foundation species in the intertidal and subtidal 
zones and two bare sedimentary habitats in the same respective tidal zones. We used 
community trajectory analysis (CTA), a statistical approach that allows for quantita-
tive measures and comparisons of temporal trajectories of ecosystems. We compared 
observed community trajectories to trajectories simulated under a non-directional null 
model in order to better understand the dynamics of the communities, their potential 
drivers, and the role of the studied habitats in these dynamics. Despite strong differ-
ences in the community compositions between sites and habitats, the communities 
followed non-directional dynamics during the 14 years monitored, which suggested 
stability at the regional scale. However, the shape, size, and direction of the trajectories 
of benthic communities were more similar within than among habitats, also suggesting 
the influence of the nature of the habitat on community dynamics. Results showed a 
higher variability in community composition the first years of the monitoring in the 
intertidal bare habitat and confirmed the role of biogenic habitats in maintaining tem-
poral stability. They also highlighted the need to apprehend the role of transient and 
rare species and the scale of observation in temporal beta diversity analyses. Finally, our 
study confirmed the usefulness of CTA to link observed trajectory patterns to funda-
mental ecological processes.
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Introduction

A key challenge in community ecology is to monitor, detect, 
quantify and predict temporal changes in biodiversity 
(Dornelas et al. 2013, Buckley et al. 2021a). Indeed, biodi-
versity is a key driver of ecosystem functions (Gamfeldt et al. 
2015, Duffy et al. 2017) providing essential services to soci-
ety (Kremen 2005). Moreover, understanding the drivers 
and consequences of changes in biodiversity is necessary to 
set up management strategies (Palumbi et al. 2008). Long-
term monitoring programs allow for detecting changes in 
ecosystem health, and understanding fundamental eco-
logical processes, community dynamics and their responses 
to environmental constraints (Giron-Nava  et  al. 2017, 
Kominoski et al. 2018). Species abundances and community 
composition are examples of essential biodiversity variables 
that arise from monitoring programs and serve as indica-
tors of ecosystem change (Pereira et al. 2013). Indeed, spe-
cies richness variations are insufficient to capture changes in 
biodiversity (Dornelas  et  al. 2014, Hillebrand  et  al. 2018, 
Blowes  et  al. 2019). Nonetheless, temporal alpha diversity 
has received more attention than temporal beta diversity or 
the shift in the identity and/or abundance of named taxa in 
communities over time (Magurran et al. 2019).

The methods applied in temporal community ecology 
have grown over the past decades, from descriptive (e.g. 
bar graphs, ordinations) to more computationally complex 
methods (e.g. Moran eigenvector maps, machine learning 
methods) (Buckley  et  al. 2021b). Community trajectory 
analysis (CTA) is a multivariate method specifically tailored 
to study temporal community dynamics (De Cáceres et al. 
2019). Starting from a classical ordination, it performs a 
geometric analysis of temporal trajectories that allows for 
identifying temporal patterns and variations in community 
dynamics (De Cáceres  et  al. 2019, Sturbois  et  al. 2021a). 
CTA allows for describing single trajectories by quantifying 
the changes between consecutive observations, the direction 
of these changes or the overall dynamics of the commu-
nity. Additionally, it allows for comparing trajectories and 
apprehending the spatial variability of community dynam-
ics and their underlying drivers (Legendre and De Cáceres 
2013, De Cáceres et al. 2019). This is fundamental as com-
munity responses are diverse and not consistent across loca-
tions and scales (Hewitt and Thrush 2009, Blowes  et  al. 
2019). Matthews et  al. (2013) followed by Lamothe et  al. 
(2019) proposed a theoretical framework linking temporal 
trajectory patterns and ecological processes. Following Van 
Meerbeek  et  al. (2021), a system is considered stable if it 
retains its reference conditions (state or dynamic) under 
changing conditions. In CTA, subsequent temporal obser-
vations very close to each other would imply stable com-
munities that follow non-directional and gradual changes. 
Directional (i.e. trajectory following a particular direc-
tion) or saltatory changes (sudden and abrupt change 
between consecutive observations) would imply succession 
or regime shifts after a disturbance (Matthews et al. 2013, 
Lamothe et al. 2019).

In marine ecosystems, macrobenthic species are useful to 
measure ecosystem changes as they are not very mobile, show 
various life span and a large range of sensitivity to distur-
bance (Bessa  et  al. 2014, Dauvin  et  al. 2017). Changes in 
structure and composition of these communities are mostly 
the result of interactions between drivers acting at differ-
ent temporal and spatial scales (e.g. Schückel and Kröncke 
2013, Kröncke et al. 2019, Thrush et al. 2021). Interestingly, 
long-term stability with little changes has been observed in 
macrobenthic communities (Hinz et al. 2011), even in areas 
under continuous anthropogenic pressures (Bacouillard et al. 
2020). Habitat-dependent factors could also drive heter-
ogenous responses. For example, intertidal communities – 
subject to repetitive physical stresses – may be more often 
reset than subtidal ones (Defeo and McLachlan 2005, Gray 
and Elliott 2009, Quillien  et  al. 2018, Boyé  et  al. 2019). 
Previous research has focused on communities’ response after 
a particular disturbance to study their recovery potential 
(e.g. Fromentin  et  al. 1997, Gilkinson  et  al. 2005). These 
studies highlighted that the removal of habitat-forming spe-
cies and ecosystem engineers lowers community resilience 
(Cimon and Cusson 2018). Indeed, biogenic habitats with 
high levels of recruitment or connectivity promote resilience 
(O’Leary  et  al. 2017). Moreover, they increase community 
stability through the multiplicity of niches they create, pro-
moting species richness, populations stability and asynchro-
nous fluctuations across species (Lamy et al. 2020), but also 
through the attenuation of physical disturbances (e.g. ther-
mal buffering) (Jurgens and Gaylord 2018). Other factors 
might influence the temporal dynamics of the communities. 
For example, marine ecosystems show more singletons and 
more transient species than terrestrial ones because of more 
open and less isolated communities (Raffaelli  et  al. 2005, 
Snell Taylor  et  al. 2018). Low occurrences and low abun-
dances species (hereafter referred to as LOLAS) are frequent 
in marine communities, but it is mostly impossible to distin-
guish rare (always present but not always sampled because of 
sampling effort) from transient species (observed occasionally 
as a result of dispersal from adjacent habitats). LOLAS do not 
interact with their biotic and abiotic environment as do core 
species (Snell Taylor et al. 2018). As such, LOLAS may have 
a real ecological impact on community trajectories or they 
may simply make the signal noisier and hinder our ability to 
analyze trajectories.

Temporal trajectories have already been used in studies on 
changes in macrobenthic communities, but the interpreta-
tion of the shapes of the trajectories was mostly subjective. 
Indeed, the multidimensional space used to display and inter-
pret trajectories has most often been the output from a non-
metric multidimensional scaling (nMDS) analysis which is 
not suited for geometric and quantitative comparisons (e.g. 
Fromentin et al. 1997, Warwick et al. 2002, Beuchel et al. 
2006). Here, we used CTA to study the dynamics of mac-
robenthic communities in 26 sites monitored for 14 years. 
Sites were located in biogenic and bare benthic habitats in the 
intertidal and subtidal zones of the coast of Brittany (France). 
A null model was used as a reference for non-directional 
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dynamics and analyses were conducted with and without 
LOLAS to better understand their influence on the dynamics 
of ecosystems. Given the hypotheses that biogenic habitats 
enhance stability and resilience of their associated communi-
ties and that intertidal and subtidal communities would show 
different dynamics, we investigated the following questions: 
1) How did macrobenthic communities of biogenic and bare 
habitats in the intertidal and subtidal zones change over 14 
years? 2) Were there any similarities in community dynam-
ics of the different habitats at the regional scale? 3) How did 
removing LOLAS influence the inferred temporal dynam-
ics of the communities? We hypothesized that 1) temporal 
trajectories of communities associated with biogenic habitats 
would show gradual changes and short trajectories or rapid 
return towards a stable point after a potential perturbation 
whereas communities from bare habitats would have more 
directional dynamics and/or saltatory changes following a 
potential perturbation, 2) temporal trajectories of communi-
ties in subtidal areas would show less variability (e.g. shorter 
trajectory or segment lengths) compared to the intertidal, 
3) temporal trajectories would show similar features (e.g. in 
the direction of changes) at the regional scale as large-scale 
environmental changes may outweigh local ones, 4) LOLAS 
would induce larger stochasticity in trajectories through 
higher species turnover.

Material and methods

Study area

At the northwestern tip of France, Brittany is a biogeographic 
transition zone between the English Channel and the Bay of 
Biscay. It is a hotspot for macrobenthic fauna richness, char-
acterized by a high diversity of benthic habitats (Gallon et al. 
2017). Brittany harbors habitats associated with foundation 
species, the most common being intertidal seagrass beds 
Zostera marina and Zostera noltei and subtidal maerl (or 
rhodolith) beds principally Lithothamnion corallioides and 
Phymatholithon calcareum.

Sampling

Benthic communities have been monitored yearly since 2003 
along the coast of Brittany (France) within the REBENT 
program (www.rebent.org). We focused on four habitats: 
intertidal seagrass beds (only Zostera marina beds are moni-
tored within the REBENT), intertidal sandy beaches, sub-
tidal maerl beds and subtidal soft sediments (respectively 
referred to as intertidal biogenic habitat (IBIO), intertidal 
bare habitat (IBAR), subtidal biogenic habitat (SBIO) and 
subtidal bare habitat (SBAR) from this point forward).

At each site three faunal samples were taken at each of 
three fixed sampling points distributed 200 m apart (0.03 
m2 cores in the intertidal and 0.1 m2 Smith–McIntyre grabs 
in the subtidal; see Boyé et al. 2019), except for Pierre Noire 
(8) where up to 10 grabs were taken at the sampling site. 

Sampling was performed between the end of February and 
the beginning of May, before recruitment of most species 
occurs in the region (Dauvin et al. 2007, Boyé et al. 2019). In 
the laboratory, specimens were sorted, counted and identified 
to the lowest possible taxonomic level (usually species). Since 
the acquisition and identification of specimens were not car-
ried out by the same people over the years of the monitor-
ing program, we proceeded to a taxonomic homogenization: 
each recorded taxon was scrutinized by experts in benthic 
taxonomy and their names were checked thanks to the World 
Register of Marine Species (WoRMS Editorial Board 2021) 
to ensure a consistent taxonomic resolution.

In order to minimize the prevalence – and potential effect 
– of missing data as much as possible, we only selected sites 
with complete time series and with at least three core or grab 
samples in any particular year. Samples were pooled to esti-
mate abundances at the site level. In the end, this led to a 
selection of 26 sites monitored from 2005 to 2018 while 
keeping a spatial resolution covering the coasts of Brittany 
and encompassing most of the environmental settings found 
in this region (Boyé et al. 2017, 2019). Of these 26 sites, 5 
were in IBAR, 7 in IBIO, 8 in SBAR and 6 in SBIO (Fig. 1). 
We conducted the analyses at the habitat level or within a 
same tidal level because it may not be relevant to run analyses 
including two different tidal levels since sampling gears differ 
between intertidal and subtidal sites.

Hereafter, the term ‘site’ refers to a given location in a given 
habitat and the term ‘observation’ refers to a sampling occa-
sion at a given site in a given year (here there were 364 obser-
vations in total over the 26 sites and 14 years monitored).

Numerical analyses

Community trajectory analysis (CTA)
CTA is based on the dissimilarity between pairs of commu-
nity observations in space and time (De Cáceres et al. 2019). 
We defined the multivariate space of resemblance between 
community observations using species abundances and the 
Hellinger distance coefficient, which is equivalent to the 
Euclidean distance computed on the square root of species 
relative abundances. It does not give an excessive weight to 
rare species and has the advantage of fulfilling the metric 
and Euclidean properties (Legendre and Gallagher 2001, 
Legendre and De Cáceres 2013). We used a principal coor-
dinates analysis (PCoA) to display trajectories and compute 
CTA metrics without any distortions, for each habitat or each 
tidal zone separately. Each observation is represented in the 
multivariate space by its coordinates. Two consecutive obser-
vations of a same site are linked by a segment, the ensemble 
of the segments of a site representing its temporal trajectory. 
Geometrical metrics computed on site trajectories describe 
their ecological dynamics (see De Cáceres  et  al. 2019 and 
Sturbois et al. 2021a for the detailed formulas). Trajectories 
are usually represented on the first two axes of the ordination, 
but CTA can compute these metrics using all dimensions. 
Here we computed the following metrics for the whole mul-
tidimensional space:
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1) segment length or the distance between two consecutive 
observations. With the Hellinger distance, the maximum 
value between two observations is 2 1 41≈ . ,

2)   trajectory length or the total path length of the trajectory 
which is the sum of all the segment length of the trajecto-
ries. With the Hellinger distance, the maximum value of 
the trajectory length is n �� ��1 2 , where n is the number 
of observations in a site. Here 14 observations give trajec-
tories of 13 segments and a maximum trajectory length of 
13 2 18 38� � . ,

3)   net change or the distance between the first and the last 
observations. Here it is the distance between the obser-
vations made in 2005 and 2018 at a given site. With the 
Hellinger distance, the maximum value remains 2 1 41≈ . ,

4)  angle θ between two consecutive segments takes values 
from 0° to 180°: 0° indicates three observations com-
pletely aligned with no change in direction, whereas 180° 
indicates two vectors with the same orientation but oppo-
site directions,

5)  overall directionality of the trajectory considers the angles 
between consecutive segments and their lengths. It reflects 
the degree to which the community is consistently mov-
ing in a particular direction. Directionality takes values 

between 0 and 1, with 1 representing a trajectory follow-
ing a completely directional pathway,

6)  resemblance between a pair of trajectories is assessed using 
the symmetrized directed segment path dissimilarity 
(DSDSP) (Besse et al. 2016, De Cáceres et al. 2019) which 
takes into account shape, size, direction and position of 
the trajectories. Because positions of the trajectories are 
highly influenced by species compositions at each site, 
we centered the trajectories prior to the calculation of 
trajectory distance to focus on compositional dynamics 
rather than spatial variation of species composition. After 
computing DSDSP between all centered trajectories of sites 
in each habitat, we assessed the overall variation of com-
munity dynamics in each habitat using the total dynamic 
beta diversity (dBDtot) (Legendre and De Cáceres 2013, 
De Cáceres et al. 2019).

Analyses were repeated focusing on the core species of the 
communities of each of the four habitats by removing the 
LOLAS. Core species are defined as the most abundant and 
persistent ones whereas LOLAS occur more infrequently and 
often have low abundance (Magurran and Henderson 2003). 
To achieve a compromise between the maximum abundance 

Figure 1. Map of the monitored sites in the four distinct habitats along the coasts of Brittany (France) (sources: OpenStreetMap, European 
Environment Agency).
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of each taxon and the number of observations in which 
they were detected, we set an arbitrary occurrence threshold 
(corresponding to 1/5 of the maximum occurrence in each 
habitat) under which species were classified as LOLAS and 
removed (Supporting information). This led to the removal of 
50–75% of the species of each site in each habitat, as LOLAS 
were preponderant in the studied communities (Supporting 
information). However, removing LOLAS resulted in datas-
ets containing from 79% to 96% of original total abundance.

We also tested the influence of habitat type (i.e. bare versus 
biogenic) on the dynamics of the communities by performing 
a PERMANOVA (Anderson 2017) on the symmetric matrix 
of distances between trajectories (i.e. with DSDSP values com-
puted on centered trajectories of sites). For this, trajectories 
were first recomputed within tidal levels.

Finally, we were interested in comparing directionality 
values of sub-trajectories in IBAR especially because we iden-
tified two periods of time which seemed to show different 
dynamics. Sub-trajectories are obtained by splitting the tra-
jectories into two or more sub-trajectories to compare time 
periods within the overall trajectory. The coordinates of the 
observations in the multidimensional space are the same as 
for the whole trajectories but the directionality metric is com-
puted on each sub-trajectory independently.

Simulations
We simulated communities under a pure non-directional 
dynamic to create a null model allowing for comparison with 
observed CTA metrics. Communities were simulated for 
each habitat separately while preserving the following hab-
itat-specific properties:

1) Species pool composed of all species recorded in the habi-
tat during the 14 years,

2) The empirical distribution of species abundances, based 
on species abundances recorded for each observation in 
the habitat,

3) The empirical distribution of species occurrences, based 
on the number of observations each species was recorded 
in the habitat,

4) The empirical distribution of total abundances, based on 
the total abundance recorded for each observation in the 
habitat,

5) A fixed mean extinction rate, i.e. the average proportion 
of species lost between consecutive years (0.46 for IBAR, 
0.41 for IBIO, 0.38 for SBAR, 0.39 for SBIO).

The simulation procedure is detailed in the Supporting 
information and was designed to break the temporal depen-
dency between consecutive observations except for the identity 
of the species kept. CTA metrics were computed on 100 tra-
jectories of simulated communities in each habitat, with a 14 
year dynamic as the observed communities. CTA metrics used 
to compare simulated and observed community dynamics were 
the directionality of trajectories, the net change, the total length 
of trajectories and the length of the consecutive segments. We 
used two-sided Kolmogorov–Smirnov tests to compare the 
simulated and observed distributions of the different metrics.

All analyses and simulations were conducted with the R 
programming language ver. 4.1.2 (www.r-project.org) and 
packages ‘ecotraj’ (De Cáceres  et  al. 2019, Sturbois  et  al. 
2021a) and ‘adespatial’ (Dray et al. 2021).

Results

Regional scale non-directionality

Community trajectories on the first two axes of the PCoA 
represented from 35% (SBAR) to 49% (IBAR) of the total 
variance (Fig. 2). Site trajectories occupied clearly different 
positions, reflecting site-specific composition and struc-
ture within each habitat that were also reflected by high 
habitat-wise total beta diversity which represents the vari-
ance of the community matrix and takes a maximum value 
of 1 (Legendre and De Cáceres 2013): BDtot = 0.70 for 
IBAR, BDtot = 0.55 for IBIO, BDtot = 0.60 for SBAR and 
BDtot = 0.59 for SBIO. In addition to their different com-
position, the four habitats had different species richness: a 
total of 299 taxa was recorded over the 14 years in IBAR, 
493 in IBIO, 527 in SBAR and 665 in SBIO. Overall, direc-
tionalities of sites trajectories were very similar even between 
habitats, and ranged from 0.34 to 0.39. These low values 
indicated a weak directionality in all monitored sites as did 
mean angles higher than 90° (Table 1). Trajectories rotated 
on themselves or oscillated around a point and can therefore 
be qualified as non-directional.

Habitat-dependent dynamics

Mean trajectory length in IBIO was somewhat shorter than 
that of other habitats but all fell within the same range 
(Table 1). These shorter trajectories mean that community 
composition in IBIO was more similar and less variable from 
year to year. IBIO and SBIO had the smallest net changes 
across the survey period and thus a high similarity between 
their states in 2005 and 2018. On the contrary, IBAR trajec-
tories exhibited the highest net changes, with high variability 
in community structure and composition between the first 
and last survey. Interestingly, IBAR also possessed the highest 
dBDtot meaning that there was more variability between the 
dynamics of IBAR sites compared to the other habitats.

PERMANOVA computed on trajectories dissimilarity 
(DSDSP) between centered trajectories for the subtidal and the 
intertidal zones separately showed that 10% of the variance 
of trajectories shapes can be attributed to habitat type (inter-
tidal: F = 1.115, R2 = 0.10, p = 0.046; subtidal: F = 1.228, 
R2 = 0.093, p = 0.001), lending support to a habitat-depen-
dent influence on the temporal dynamics of communities.

As expected, removing LOLAS and focusing on core spe-
cies reduced dBDtot, net change and trajectory length (Table 
1). However, directionality remained low (Supporting infor-
mation) and angles were > 90° (Table 1), with sites still tend-
ing to return to their previous state. IBAR still presented the 
highest values of dBDtot, trajectory length and net change 
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while IBIO allowed for similar or higher levels of stability 
than in the subtidal with or without LOLAS.

Stability despite variability

Distributions of directionality values of the simulated 
and observed trajectories were not significantly differ-
ent (Kolmogorov–Smirnov test; D < 0.37, p > 0.05 in all 
habitats), with directionality values oscillating around 0.36 
in observed and simulated communities: both had a weak 

directionality (Fig. 3). Overall, trajectory lengths, net changes 
(Fig. 3) and segment lengths (Fig. 4) of simulated communi-
ties were higher, with the exception of net change in IBAR 
(Fig. 3). Simulated distributions of net change and trajec-
tory lengths were more symmetric and less spread out than 
observed ones (Fig. 3). In IBAR, simulated and observed 
distributions of CTA metrics had more similar distributions 
(Kolmogorov–Smirnov test; net change: D = 0.48, p > 0.05; 
trajectory length: D = 0.7, p < 0.01) than in the three other 
habitats (Kolmogorov–Smirnov test; D > 0.87, p < 0.001), 

Figure 2. Representation of community trajectories on the first two PCoA axes with their associated directionality values for each site in the 
four habitats monitored from 2005 to 2018. One point represents the community state of a site in a given year (one observation). Site 
specific consecutive community states are linked by a segment and taken together depicts the site trajectory. The arrow represents the final 
community state of a trajectory (i.e. the community state of a given site in 2018 here).
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Table 1. Mean and standard error values of sites’ trajectory metrics in the four habitats monitored from 2005 to 2018, considering the com-
munity with and without LOLAS. dBDtot = the total dynamic beta diversity computed on the dissimilarity DSDSP between centered trajecto-
ries, length = the total path length of the trajectory, net change = the distance between the starting point and the final point of the trajectory, 
angle = the mean angle between two consecutive segments of the trajectory.

Habitat

Global community Without LOLAS

dBDtot Mean length ± SE Mean angle ± SE Mean net ± SE dBDtot Mean length ± SE Mean angle ± SE Mean net ± SE

Intertidal bare 0.21 8.61 ± 0.42 114.83 ± 1.90 0.94 ± 0.06 0.18 7.84 ± 0.75 114.16 ± 2.30 0.84 ± 0.07
Intertidal biogenic 0.15 7.68 ± 0.51 115.88 ± 0.96 0.76 ± 0.03 0.09 5.63 ± 0.50 114.21 ± 1.63 0.58 ± 0.02
Subtidal bare 0.18 8.34 ± 0.41 117.73 ± 1.43 0.82 ± 0.04 0.11 6.72 ± 0.35 117.44 ± 1.92 0.56 ± 0.03
Subtidal biogenic 0.19 8.31 ± 0.91 117.23 ± 1.35 0.74 ± 0.07 0.10 6.22 ± 0.60 118.3 ± 1.88 0.58 ± 0.07

Figure 3. Comparison of three CTA metrics (directionality, trajectory length and net change) computed on the observed communities of 
the four habitats monitored from 2005 to 2018 and the communities simulated under the non-directional null model. Differences between 
observed and simulated distributions were tested by a two-sided Kolmogorov–Smirnov test (significance code: absence of code = p > 0.05, 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Page 8 of 15

confirming that IBAR trajectories were the most temporally 
variable among the studied habitats.

As expected, simulated segment lengths showed no partic-
ular trend and simulated segment length distributions were 
very similar from year to year regardless of habitat (Fig. 4). 
Simulated trajectories presented longer segments than obser-
vations, reflecting higher variability in community composi-
tions between consecutive years. Some differences appeared 
between habitats in simulations: for example, the simulated 
segment lengths in IBAR were more variable than in SBAR. 
As simulations were based on habitat-wise observed distribu-
tions, this might reflect the observed heterogeneity of seg-
ment lengths in IBAR. The stability in the simulated segment 
lengths diverged from the observed trajectories, especially 

for IBAR. Indeed, in IBAR the first four observed segments 
(2005–2009) were longer than the following 9 (2009–2018), 
revealing a more stable dynamic of the communities these 
last nine years (Fig. 2, 4). However, we did not find a cor-
responding change in directionality for these sub-trajectories 
(2005–2009: 0.35; 2009–2018: 0.34).

Discussion

Non-directional regional dynamic

We used CTA to describe and understand 14 years of ecologi-
cal dynamics of macrobenthic communities located in four 

Figure 4. Comparison of trajectory segment lengths of the communities observed in the four habitats monitored from 2005 to 2018 and 
the simulated ones.
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distinct coastal habitats. Results suggested a global stability of 
the system at the regional scale with non-directional temporal 
trajectories. The low directionality observed is perhaps due to 
the nature of the considered systems. CTA was firstly applied 
on plant communities (De Cáceres et al. 2019), with more 
persistent and fewer species than expected in marine systems 
that have higher diversity and higher temporal turnover, and 
present less ordered ecological succession (Raffaelli  et  al. 
2005, Henderson and Magurran 2014). The low direction-
ality could also be due to the frequency of sampling in our 
study. It is likely that some ecological processes in the ben-
thic macrofauna communities monitored are faster than our 
sampling frequency (i.e. seasonal variations). Furthermore, 
macrobenthic communities can exhibit different multi-year 
cycles (e.g. 3–9 years, 5–7 years, 10–12 years; Thrush et al. 
2021) that could not be detected within a 14 year time series.

Long-term stability of macrobenthic communities has 
already been demonstrated in the English Channel (e.g. 
Fromentin  et  al. 1997, Bacouillard  et  al. 2020). Recently, 
CTA was used on intertidal communities monitored in a sin-
gle bay, and results also demonstrated stability at the scale of 
the study area with changes mainly reflected by random popu-
lation dynamics of structuring prevalent species under strong 
natural pressures (Sturbois  et  al. 2021b). CTA conducted 
on phytoplanktonic communities of the Eastern English 
Channel also demonstrated an overall stability in community 
composition (Lefran et al. 2021). Brittany is a biogeographic 
transition zone with a high diversity of benthic habitats 
(Gallon et al. 2017) and its geographical location makes it a 
very open system. This might enable large-scale transport of 
propagules from outside source patches (Ayata et al. 2010) 
and multiple sources of colonists thanks to the multiplicity of 
habitats. These factors could enhance recovery or persistence 
of communities in the region (Ellis et al. 2000). Moreover, 
Brittany is a hotspot of biodiversity (Gallon  et  al. 2017) 
and this could also have a stabilizing effect on communities 
(Downing et al. 2014, Craven et al. 2018), especially if spe-
cies show asynchronous responses to environmental fluctua-
tions and differences in the speed at which they respond to 
perturbations (Loreau and de Mazancourt 2013). However, 
the diversity-stability debate is still ongoing in ecology (Ives 
and Carpenter 2007, Kéfi et al. 2019).

Trajectory length and net change mostly had higher val-
ues in simulated communities compared to observed ones. 
Simulations smoothed out site-specific effects on trajecto-
ries: for instance, in observed communities, Trévignon (20) 
in SBIO expressed the lowest net change and trajectory 
length (Supporting information), since this site was largely 
dominated by a single and temporally persistent taxon 
Porcellanidae spp. (Supporting information). Moreover, tem-
poral autocorrelation may be lower in simulated compared to 
observed communities: temporal turnover should be higher 
in simulated communities given the simulation procedure 
with abundances resampled at each step. Indeed, the within-
site year-to-year BDtot was higher in simulated communi-
ties (Supporting information). However, the proportion of 
replacement and difference of richness (see Legendre and 

De Cáceres 2013, Legendre 2014) were fairly homogeneous 
between simulated and observed communities in IBIO and 
SBAR but not in IBAR and SBIO (Supporting information). 
With habitat-scale constraints, the simulation did not only 
remove autocorrelation, but also broke co-occurrence pat-
terns and site-specific constraints, making it a regional-scale 
neutral model. This also suggests that biotic or abiotic factors 
(which were not considered in the simulations), such as char-
acteristics of the habitat itself, could act as filters preventing 
observed communities from adopting the dynamic produced 
in the simulation (especially the higher temporal turnover), 
and thus enhance stability at the regional scale.

Habitat-dependent dynamics

Biogenic versus bare
Despite non-directional regional scale dynamics, results 
revealed habitat-dependent community dynamics. First, 
within tidal zone differences exist between biogenic and bare 
habitats. In the intertidal, all CTA metrics were lower in IBIO 
compared to IBAR, translating a higher temporal stability in 
this former habitat. Hily and Bouteille (1999) demonstrated 
that the development of eelgrass meadows enhances abun-
dances and biomasses and increases specific and functional 
diversity compared to IBAR. Indeed, the shelter created by 
seagrass patches can improve the recruitment, survival and 
diversity of species (Boström and Bonsdorff 2000). Moreover, 
their physical structures enhance habitat heterogeneity and 
complexity, increasing shelters and food resources availabil-
ity and promoting biodiversity (Thomaz and Cunha 2010), 
hence stability given the mechanisms suggested by Loreau 
and de Mazancourt (2013). Biogenic habitats can also act as 
environmental buffers: in an environment facing harsh con-
ditions, such as the intertidal zone, habitat-forming species 
can sustain biodiversity and ecosystem functioning through 
the reduction of physical stress (Bulleri  et  al. 2018), for 
example by altering local hydrodynamic conditions and sedi-
ment dynamics or reducing thermal stresses for inhabitant 
taxa thanks to their physical structures (Peterson et al. 2004, 
Bouma et al. 2009, Jurgens and Gaylord 2018).

In the subtidal zone, we expected more stable trajectory 
patterns in SBIO than SBAR. Indeed, the high architectural 
complexity of maerl beds may reduce predation stress in com-
munities (Bouma  et  al. 2009), increase specific (Grall and 
Glémarec 1997, Grall and Hall-Spencer 2003) and functional 
diversity and redundancy (Boyé et al. 2019) which allow eco-
systems to resist disturbances because multiple species could 
take on critical roles (Palumbi et al. 2008). SBIO communi-
ties had non-directional dynamics and the lowest average net 
change but not the lowest average trajectory length. Long tra-
jectories returning toward their initial ecological state could 
make us lean toward a resilience hypothesis. However, here 
the low net change was strongly affected by an atypical site: 
Trévignon (20), the single site with the lowest net change and 
segment lengths, which presented a nearly persistent commu-
nity (Gray and Elliott 2009, Thrush et al. 2021) (Supporting 
information). Contrary to our expectations, removing this 
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site from the analyses resulted in increased average net change 
and mean trajectory length in SBIO, the latter becoming the 
highest of all habitats (Supporting information). However, 
this did not radically change the observed patterns of seg-
ment lengths in SBIO (Supporting information). We hypoth-
esized that the higher species richness, and hence the higher 
number of LOLAS, increased temporal turnover in SBIO 
because each LOLAS was only present over a small fraction 
of the time series (Magurran and Henderson 2010, Snell 
Taylor et al. 2018). Removing LOLAS decreased net change 
and trajectory length in all habitats. However, a high species 
diversity with numerous LOLAS could support the insurance 
hypothesis, where LOLAS can be more resistant or well suited 
to environmental change (Hewitt et al. 2016, Thrush et al. 
2021) with asynchronous responses of species to fluctuations 
(Yachi and Loreau 1999). Core species could maintain local 
stability because they are suited to existing environmental 
conditions whereas LOLAS could maintain regional and 
long-term stability by replacing core species following an 
environmental change (Coyle  et  al. 2013, Henderson and 
Magurran 2014, Vermeij and Grosberg 2018).

Intertidal versus subtidal
Biogenic habitats did not have a consistent effect on commu-
nity dynamics in the two tidal zones, supporting the existence 
of different underlying mechanisms:

1) Foundation species and stress levels: the positive effect 
of foundation species on biodiversity can be emphasized 
in stressful environments (e.g. intertidal zone) and can 
be dampened in mild environments (e.g. subtidal zone) 
(Watt and Scrosati 2013).

2) Different foundation species: the high diversity of sea-
grass beds seem to be more dependent on transient species 
(Boyé et al. 2019) while we posit that it stems more from 
rare ones in maerl beds. Transient species can have a strong 
effect on the long-term return of communities through the 
insurance hypothesis (Arnoldi et al. 2018). However, tran-
sients rarely interact with other members of the community 
(Snell Taylor et al. 2018), thus weaker species interactions 
are expected in seagrass beds communities. Community 
composition might be temporally less variable with com-
munity dynamics governed by weak interactions (van 
Nes and Scheffer 2005, Magurran and Henderson 2010, 
Thrush et al. 2021) as illustrated in IBIO.

3) Richness artifact: shorter trajectories in IBIO compared to 
SBIO might be an artifact of their large difference in spe-
cies richness (493 in IBIO versus 665 in SBIO). Higher 
species richness with a higher proportion of LOLAS in 
SBIO might induce a higher variability in community 
composition between years.

The two bare habitats also had distinct dynamics with 
SBAR being less variable in structure and composition of 
communities than IBAR (Supporting information). Subtidal 
macrobenthic communities have previously been shown to 
have heterogeneous dynamics. Some studies reported changes 

and shifts in community composition mostly linked to envi-
ronmental changes (Warwick et al. 2002, Frid 2011, Ghodrati 
Shojaei  et  al. 2016, Bonifácio  et  al. 2019), but results are 
inconsistent across spatial and temporal scales. Indeed, other 
studies demonstrated temporal stability of subtidal commu-
nities even under environmental or anthropogenic pressures 
(e.g. Hinz et al. 2011, Quillien et al. 2018, Bacouillard et al. 
2020). In contrast to SBAR, sandy beaches (IBAR) are physi-
cally dynamic environment: instability is characteristic of this 
habitat where temporal environmental variability is a key 
driver compared to biotic interactions that are considered 
less important (Defeo and McLachlan 2005, Schlacher et al. 
2008, Schlacher and Thompson 2013). Even if competition 
and predation in beach ecosystems are limited compared 
to all other littoral ones (Schlacher and Thompson 2013) 
which could have induced a higher stability (Loreau and de 
Mazancourt 2013), in this habitat the physical environment 
and habitat conditions are the main controlling factors (Defeo 
and McLachlan 2005, McLachlan and Dorvlo 2005). Our 
results showed that compositional dynamics of IBAR can be 
described as non-directional with saltatory changes in the first 
five years of the monitoring program. Directional saltatory 
changes usually translate into a shift of the community from 
one stable state to a different one (Scheffer and Carpenter 
2003, deYoung et al. 2008, Lamothe et al. 2019). However, 
directionality of the first four segments was indistinguishable 
from that of the last nine segments, suggesting that the sys-
tem did not shift from one regime to another. Non-directional 
saltatory changes could occur when systems are facing mul-
tiple short term and delineated disturbances (Lamothe et al. 
2019). Gray (1977) suggested that soft-sediments systems 
have multiple stable-states and tend to return to an equilib-
rium point after any perturbation of limited extent. Gray and 
Elliott (2009) also argued that marine benthic communities 
can exhibit poly-climax and neighborhood stability with sev-
eral alternate dominant species. Interestingly, communities 
in IBAR presented greater changes in dominant taxa during 
the monitored period than any other habitats (Supporting 
information). This could be an artifact of the low number of 
IBAR sites. Indeed, global stability is mostly observed when 
measures are conducted over large spatial scales while neigh-
borhood stability is a more appropriate model over relatively 
small spatial scales (Gray and Elliott 2009). Notwithstanding, 
other habitats had similar number of sites (only one more for 
SBIO compared to IBAR) and we observed more of a global 
stability pattern, hence we assume the neighborhood pattern 
observed is not an artifact of the number of sites.

Because in IBAR an ecological change is mainly the 
result of an environmental change (Schoeman et al. 2014), 
we hypothesized that, along the first five years of the survey, 
communities had to face multiple pulse disturbances that 
led to changes in taxa dominance reflected in the observed 
trajectory patterns (saltatory changes between consecutive 
years). Moreover, CTA metrics from observed and simulated 
communities were the most similar in IBAR. The effect of 
pulse perturbations could break temporal autocorrelation 
in the observed communities as in the null model, because 
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communities with low species richness can often be reset 
when facing harsh environmental conditions (Boyé  et  al. 
2019). dBDtot was the highest in IBAR suggesting that tem-
poral dynamics differed more between sites: either the same 
type and frequency of disturbance on different sites produced 
different responses at the community level (because of the 
different species composition or history between sites) or the 
sources and timing of disturbances may be different (which is 
often the case in intertidal habitats where natural and anthro-
pogenic disturbances are confounded) (Whomersley  et  al. 
2010). Indeed, there seemed to be site-specific effects on 
community dynamics in each habitat and maybe even more 
in IBAR: distributions of CTA metrics were always more het-
erogenous compared to simulations where the sites charac-
teristics and differences are not taken into account. To verify 
whether the observed variability could be linked to greater 
environmental variability during the beginning of the moni-
toring (e.g. alternating colder winters and warmer summers; 
Beukema and Dekker 2020) we looked at temperature, wind 
speed and precipitation anomalies (Supporting information) 
for each year of the time series and every site in IBAR. We 
could not detect any trend changes between 2005–2009 and 
2009–2018, nor any pulse perturbations that could explain 
the observed trajectories. However, partitioning the com-
ponents of beta diversity (Legendre and De Cáceres 2013, 
Legendre 2014) revealed a higher proportion of species 
replacement between 2006 and 2007 than ever observed over 
the whole time series (Supporting information). This peak in 
replacement is followed by consecutive years of higher rich-
ness differences from 2007 to 2009, and a lower mean species 
richness after 2009. Interestingly, temperature and wind speed 
anomalies started to oscillate between positive and negative 
values from 2006. One hypothesis could be that the system 
changed from a system with relatively stable environmental 
conditions to a system with a varying environment. This 
might have led to a loss of intolerant species and colonization 
of species benefiting the empty space (high replacement), 
followed by a stabilization phase with competitive exclusion 
and disappearance of opportunistic species (high richness dif-
ferences), leading to a new non-directional stable state con-
stituted of species more tolerant to a varying environment. 
This hypothesis is coherent with the neighborhood stability 
hypothesis with alternate dominant species. However, we 
would have expected the succession of replacement and rich-
ness differences would lead to a higher directionality of the 
trajectory for the first four segments which was not the case. 
It raises the perspective to look at the different beta diver-
sity components to better apprehend the changes in trajec-
tory metrics in further work, and also to look at community 
changes preceding the observed trajectory changes because of 
a potential lag in species response and dynamics.

Linking trajectory shapes to ecological dynamics

To summarize, community state can be represented as the 
position of a ball in a cup-shaped landscape (Lamothe et al. 
2019, Dakos and Kéfi 2022). In such a landscape, the ball 

represents the current state of the system, the cup represents 
its current domain of attraction. Communities showing high 
stability are portrayed as balls within deep cups with steep 
walls. In this case, important perturbations are needed to 
change the community state, and the community will quickly 
revert to its previous state. In our study:

1) Observed variations in IBAR could correspond to a neigh-
borhood stability (Gray and Elliott 2009): within a wide 
cup, community state alternates between shallow neigh-
boring cups – each corresponding to a different dominant 
taxon – during the first five years of the survey and stays in 
another cup for the remaining nine years (Fig. 5). Such a 
landscape can be pictured by multiple narrow and shallow 
attraction basins in the ball-and-cup analogy (Fig. 5a).

2) SBAR showed more of a general stability pattern with 
moderate variability between consecutive years compared 
to SBIO or IBIO. Such a moderate variability stability 
landscape can be pictured by a deep attraction basin in the 
ball-and-cup analogy (Fig. 5b).

3) IBIO showed a general stability pattern with the low-
est variability of communities between consecutive years 
among all the studied habitats. This may be due to the 
influence of transient species, which weaken the role of 
species interactions in community dynamics, thus nar-
rowing the attraction basin. Such a low variability stability 
landscape can be pictured by a narrow and deep attraction 
basin in the ball-and-cup analogy (Fig. 5c).

4) SBIO showed a general stability pattern with a high vari-
ability between consecutive years compared to SBAR and 
IBIO. We hypothesize that the high diversity and number 
of rare species promote long term stability in this habitat 
but that they are also factors that can induce a higher tem-
poral turnover, thus a wider attraction basin. Such a high 
variability stability landscape can be pictured by a wide and 
deep attraction basin in the ball-and-cup analogy (Fig. 5d).

Conclusions

Our study demonstrated that habitat-dependent dynamics 
exist despite a general stability of macrobenthic communi-
ties at the regional scale. Indeed, the four monitored habitats 
could be matched to four different patterns of stability and we 
hypothesize 1) that these are driven by different mechanisms, 
related to biotic and abiotic factors involved such as habitat 
characteristics and 2) that the presence of numerous LOLAS 
can maintain the long-term stability of the systems even if 
it increases the temporal turnover of communities compared 
to the dynamics of core species only. Our study corroborates 
that community dynamics are not consistent across habitats 
and scales, which could have important consequences in the 
context of global change. Thus, it highlights the importance 
of taking the scale of observation into account in temporal 
studies because an observed local heterogeneity can be part of 
a system that is fairly homogeneous (Gray and Elliott 2009). 
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It would be interesting in future works to investigate the 
threshold of variability in communities beyond which change 
would be of concern and fall outside the basin of attraction. 
Finally, our study confirmed the usefulness of CTA, coupled 
to null models, in order to describe, understand and draw 
hypotheses or conclusions on ecological dynamics of long-
term monitored macrobenthic communities. Still, further 
work needs to be done in order to better understand and 
discriminate the biotic and abiotic drivers of the different 
temporal dynamics observed as well as the dynamic of com-
munities when looking at other dimensions of diversity (e.g. 
functional or phylogenetic diversities) which are fundamen-
tal to better assess temporal beta diversity in ecological com-
munities (Magurran et al. 2019).
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Figure 5.  Synthetic figure of the global pattern of temporal trajectories (on the left in each box) translated into a ball and cup representation 
(on the right in each box) and the hypothetic drivers of the patterns observed for each of the four monitored habitats. The red ball represents 
the community state of a given observation and the arrows indicate the directionality of movement across the cup-shaped landscape (i.e. all 
possible states the community could take in this landscape). Tr. spp. stands for transient species and rare spp. for rare species.
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