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General Introduction

Species are subject to multiple constraints that can modulate their life history traits, population dynamics and ultimately their spatial distribution, from local to global. These drivers apply on multiple spatial and temporal scales and through the biological organization, from molecular to ecosystem, and affect biological processes and interactions. The high variability of physiological responses observed in nature has led to the study of it at large scales in order to understand species population response and ultimate global distribution. This research objective advocated the development of Macrophysiology, which aims to evaluate large-scale physiological variation and its ecological implications [START_REF] Chown | Macrophysiology: large-scale patterns in physiological traits and their ecological implications[END_REF]). Among marine ecosystems, intertidal habitats have long been studied to describe the causal relationships between abiotic drivers, biotic interactions, individual"s physiology and patterns of distribution. In rocky shores however, the local mosaic distribution of environmental drivers often shows greater variability than latitudinal gradients (Helmuth et al. 2006, Gilman et al. 2006, Lathlean et al. 2014). These observations raised the challenging ecological question about the role of such local variation in the species response at large scales. Mechanistic models are needed to address this question, especially because they allow connecting multiple drivers and processes acting at different scales. To this respect, principles of physiological ecology bring the possibility of linking spatial data with physiological responses in mechanistic distribution models to understand the mechanistic bases of trait expression, to identify the species fundamental niche and to project the species potential distribution, from local to global scale. This provides a conceptual framework necessary for understanding the mechanisms behind trait expression essential for macrophysiological subjects. Studies of mechanistic models providing a large-scale view of the processes and response of species to multiple drivers exist, but they generally do not provide an understanding of the processes occurring at the habitat scale that are likely to have large-scale impacts.

Within intertidal rocky shores, mussel species are ecosystem engineers which have been the focus of much research. Aggregation behavior allows mussels to support the stressing intertidal conditions. They create microhabitat conditions for other species being ecosystem engineers of paramount importance for the species diversity of intertidal areas (Borthagaray & Carranza 2007, Arribas et al. 2014). Mussels are distributed on a global scale, and have been the subject of numerous studies combining observation and modeling to understand their biogeography, particularly in the context of climate change (e.g., [START_REF] Fly | Physiology and Biogeography: The Response of European Mussels (Mytilus spp.) to Climate Change*[END_REF][START_REF] Montalto | Life history traits to predict biogeographic species distributions in bivalves[END_REF][START_REF] Thomas | Assessing the sensitivity of bivalve populations to global warming using an individual-based modelling approach[END_REF]. Nevertheless, these models do not take into account processes occurring at habitat scale. Thomas et al. (2020) modeled mussels population dynamics considering processes at various spatial scales and highlighted the importance of considering the main processes at habitat scale that modulate an individual's performance and biotic interactions. The large knowledge on mussels' ecology and physiology, besides their importance for the community's biodiversity makes this species of particular interest for assessing the impact of drivers at multiple scales in rocky shore areas.

The general question addressed in this thesis relates to the effect of drivers across within-site scales, on populations in rocky intertidal habitats considering mussels as a model species. In this general introduction, I will define the general principles relating to the concepts discussed, before introducing the different chapters of the thesis.

Habitat

The concept of habitat is fundamental in species dynamics and distribution studies. [START_REF] Kearney | Habitat, environment and niche: what are we modelling?[END_REF] defined habitat as "a description of a physical place, at a particular scale of space and time, where an organism either actually or potentially lives". He distinguished habitat from environment, which he defined as "the biotic and abiotic phenomena surrounding and potentially interacting with an organism". Finally, he defined niche as the "subset of those environmental conditions which affect a particular organism". The niche of species can be divided in both the fundamental and the realized niche [START_REF] Hutchinson | Concluding remarks[END_REF]. The inclusion of biotic interactions (e.g., competition for space and predation) that affects the distribution of the species results in the identification of the realized niche, whereas when excluded from the analysis, one obtains the fundamental niche [START_REF] Hutchinson | Concluding remarks[END_REF][START_REF] Kearney | Habitat, environment and niche: what are we modelling?[END_REF]).

In intertidal environments, defined as the areas where the sea meets the land, the interactions between several drivers from both marine and terrestrial realms creates highly heterogeneous habitats in time and space. Environmental drivers vary depending on the tidal cycle, diurnal cycle, seasonal cycle and surface or topography at several spatial scales.

Hence, the intertidal microhabitat conditions form a mosaic that varies along the time (Helmuth et al. 2006). The heterogeneity of such mosaic is highly dependent on the habitat topography. The topography determines the exposure to waves, e.g., sites in enclosed areas are generally less sheltered than open sea areas. Specific microtopographic attributes, such as orientation combined with slope, can influence the exposure to waves too (Guichard et al. 2001, Denny et al. 2004), conditioning the mortality by dislodgement (McQuaid & Lindsay 2000). Besides, topography influences the microclimate conditions (humidity, solar radiation, wind speed and air temperature) [START_REF] Kearney | NicheMapRan R package for biophysical modelling: the microclimate model[END_REF]. Consequently, microsites temperature can display great differences in short distances, with for example 21°C of difference in about 0.5m distance as shown in Figure 1. This complex interaction of environmental drivers regulate the metabolic rates of ectotherm species, such as mussels, determining their performances (i.e. growth and reproduction) and ultimately survivorship. 

Population biology

Due to extreme and variable environmental conditions in intertidal habitats, species show particular adaptations. For instance, physiological tolerance to high and low temperatures and behavior allow individuals to resist or to avoid thermal stress (e.g. [START_REF] Chapperon | Keeping warm in the cold: On the thermal benefits of aggregation behaviour in an intertidal ectotherm[END_REF][START_REF] Reid | Low temperature exposure determines performance and thermal microhabitat use in an intertidal gastropod (Littorina scutulata) during the winter[END_REF]. Another example is illustrated by the aggregative behavior of mussels, which allows them to thrive in the mid intertidal zone as shown in Figure 2, along tropical, temperate and polar regions [START_REF] Springer | Adaptive Gamete-Recognition Divergence in a Hybridizing Mytilus Population[END_REF]. The aggregation behavior not only benefits mussels but also creates habitat for other species, increasing the species richness of intertidal communities (Borthagaray & Carranza 2007, Arribas et al. 2014). Besides, this behavior increases their resistance to waves and modifies microclimate temperature conditions [START_REF] Fitzhenry | Testing the effects of wave exposure, site, and behavior on intertidal mussel body temperatures: applications and limits of temperature logger design[END_REF], Miller & Dowd 2019) creating favorable environments and protection from waves and predators for recruits and juveniles (Bertolini et al. 2018). Therefore, aggregation behavior affects individuals' performance and survival by modifying the microhabitat, and population processes by conditioning recruits survival. An important structure involved in the resistance of aggregates to waves is the byssus. Byssus strength varies among seasons and affects their resistance to dislodgement by waves [START_REF] Carrington | Seasonal variation in the attachment strength of blue mussels: Causes and consequences[END_REF][START_REF] Hunt | Movement and wave dislodgment of mussels on a waveexposed rocky shore[END_REF]. Consequently, mortality of mussels by dislodgement is related to combined conditions of individuals" attachment state, i.e., strong or weak byssus strength, and mechanical wave stress [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF]. The distribution dynamics of aggregations, i.e., gain and loss of covered area, depend on environmental drivers and processes related with the species life cycle, including recruitment, individual growth and mortality (Petraitis 1995). Mussels have a bentho-pelagic life cycle, which consist in a pelagic larval phase followed by a semi-sessile phase (Figure 3).

The pelagic phase starts with the larvae release, which are then dispersed along the coast, and finally settle in a consolidated substrate. Settlement generally occurs in the complex microhabitat created by the byssus of mussels aggregates (Mcgrorty et al. 1993, Dolmer & Stenalt 2010) or can also occur on algae where they find microclimate favorable conditions (Bayne 1964). The young individual develops and grows to juvenile and reproductive adult.

Adults generally have one period of spawning at high latitudes and two periods in temperate regions (e.g. Seed 1976, Lowe et al. 1982). During their benthic semi-sessile phase, they are subject to the high temporal variability of food availability and temperature that drive their energy dynamics and then ultimately their life-history traits (i.e. development, growth and reproduction). Periods of temperatures over their sublethal or lethal tolerance thresholds can drive their growth, reproduction and even cause mass mortality events affecting the entire population [START_REF] Somero | Thermal Physiology and Vertical Zonation of Intertidal Animals: Optima, Limits, and Costs of Living[END_REF], Harley 2008). That is, habitat conditions will determine individuals' performance and population persistence. Benthic phase; after settlement of larvae into the rocky substrate, juveniles grow and develop to adults that reproduce. Source: R.V. Barbosa. Kearney & Porter (2009) described the ecological and evolutionary processes that affect or determine a species" distribution and abundance. Species functional traits interact with the habitat since individuals make use of habitat to fulfill their requirements to maintain homeostasis, develop and reproduce (Figure 4). Mussels, for instance, will preferably recruit in areas where adults are already developed, which indicates that conditions are suitable besides benefiting from a microclimate for first life stages. Suitable habitats are areas where larvae find refuge, individuals develop to complete their life cycle and where there is sufficient recruitment to compensate for loss, i.e, where conditions allow the species persistence. [START_REF] Kearney | Mechanistic niche modelling: combining physiological and spatial data to predict species" ranges[END_REF] specified that these areas "may be described as providing an environment within the organism's fundamental niche" (Figure 4), according to the niche definition of [START_REF] Hutchinson | Concluding remarks[END_REF]. In this environment, which can also be constrained by biotic interactions such as competition and predation, individuals will survive and reproduce. Mechanistic models of species' fundamental niche aim to link the spatial habitat and functional traits by translating the relationship between individuals and their environment into key fitness components, i.e., survival, development, growth and reproduction.

Mechanistic models can then be used to infer the species potential distribution. This framework, merging biophysical models and species physiology, has been applied in very different environments and species depicting variable morphology, physiology and behaviors with variable resolution of environmental datasets. Yet, in intertidal environments this framework has been applied in fine temporal resolutions (hours) but not at fine spatial resolution and over relatively large extent areas, e.g., an entire site.

Figure 4.

Major ecological processes captured by a mechanistic species distribution model (SDM) approach. In a mechanistic SDM functional trait data are linked to geographic information system (GIS) data. The key processes where traits and habitat features interact to determine the species environment are explicitly modeled. The resulting fitness components determine the population dynamics and fundamental niche, which can be mapped to the landscape. Figure adapted from [START_REF] Kearney | Mechanistic niche modelling: combining physiological and spatial data to predict species" ranges[END_REF].

In this context, the Dynamic Energy Budget (DEB) theory offers the mechanisms for connecting high environmental variability with an individual's morphology and physiology and ultimately reproduce the resulting fitness components. That is, DEB theory provides the framework for modeling the metabolic dynamics including development, growth and reproduction processes as an implicit function of temperature and food intake [START_REF] Kooijman | Dynamic Energy Budget Theory for Metabolic Organisation[END_REF]. DEB models have shown good performance for reproducing individuals' metabolism, although the effect of environmental stressing conditions associated with temperature into the energy cost for individual response to solve the damage due to such stress are currently not incorporated in the model. Furthermore, we do not know how such differences in time spent under sublethal conditions and number of events of sublethal conditions translate to real consequences on individual survival. These aspects are challenging and require exploration in order to better represent species' fundamental niche and population dynamics. Besides the requirement of environmental conditions for individuals' performance and survival, the persistence of a population depends upon populational processes involved in the population dynamics presented above, i.e., in the balance between births and deaths or gains and losses.

Then, for modeling the species fundamental niche that allows the persistence of the population requires combining processes acting at different time and spatial scales.

Scales

Three types of scales are typically addressed in ecological studies: spatial, temporal and thematic scale, also called organizational scale (reviewed in [START_REF] Lecours | Spatial scale and geographic context in benthic habitat mapping: review and future directions[END_REF]. The "spatial scale" is defined by two components, the extent and the resolution [START_REF] Gustafson | Quantifying Landscape Spatial Pattern: What Is the State of the Art?[END_REF].

Extent refers to the spatial area covered or targeted by the study, and the resolution refers to the degree of detail. An observation of a specific area extent can be represented with different resolutions, or different observations can have different extents and same resolution.

Although diverse combinations of resolutions and extents can define a scale, large scales at high resolution are less frequent, whereas small scales necessarily have high resolution.

Similarly, temporal scale is characterized by resolution (e.g. frequency of observation or simulation) and extent (e.g. duration) [START_REF] Schneider | Quantitative ecology: spatial and temporal scaling[END_REF]. Organization scale is the level at which the object of study is described, here I consider the biological organization scale, i.e., from subcellular to ecosystem levels [START_REF] Levin | The Problem of Pattern and Scale in Ecology: The Robert H. MacArthur Award Lecture[END_REF][START_REF] Larsen | The influence of spatial grain size on the suitability of the higher-taxon approach in continental priority-setting[END_REF]. For instance, in intertidal mussel population dynamics, the effect of waves in the process of dislodgement of an aggregation act at organization scale of individuals, spatial scale of about tens of centimeters extent and temporal scale of about minutes extent (Guichard et al. 2003). The relationship between drivers and processes can be assessed by field observations or modeling approaches at several resolutions and/or extents. Besides, assessing the most important processes affecting the population dynamics requires applying a combination of methods to address several scales, i.e., a multi scale approach.

In order to integrate the different scales or organization, space and time of interest to better understand and project the species response to environmental heterogeneity, diverse modeling approaches have been developed. For instance, Thomas et al. (2020) used an individual based model (IBM) to assess how processes acting at different spatial scales modulate the response of M. edulis to heat stress conditions under a climate change context.

They thus highlighted the importance of considering the main processes at small scale that modulate the individuals physiological performance and biotic interactions. Thomas et al. (2020) also called for the necessity of a better estimation of the area of potential habitat within the coastal intertidal and the determination of local factors limiting the occupation area of the species, i.e., its realized habitat. Besides, in general, biogeographic predictions of species response to climate change do not take into account within-site scale conditions, also called local-scale conditions, defined as areas of hundred square meters extent and resolutions higher than 1 x 1 m, mainly due to the difficulty of including such a high resolution over the large extent of species distribution [START_REF] Helmuth | High resolution spatiotemporal patterns of seawater temperatures across the Belize Mesoamerican Barrier Reef[END_REF]. Then, the importance of considering local-scale environmental heterogeneity for evaluating species response at large scale -hundreds of kilometers extent, regions-is still unclear.

The spatialization of the several drivers in rocky-shore intertidal environments is fundamental to assess the local environmental heterogeneity due to the interaction between drivers and the complex topography. Such spatialization and its connection with population response is challenging due to the difficulty of characterizing the tridimensional structure at scales relevant to link with an individual's performance. Novel technologies open the door for the characterization of topographic structure based on structure-from-motion photogrammetry using drone images. This new era of spatial ecology (D"Urban [START_REF] Jackson | Three-dimensional digital mapping of ecosystems: a new era in spatial ecology[END_REF]) allows a quantitative estimation of the conceptualized importance of the tridimensional habitat structure on environmental heterogeneity and ultimately on populations and communities.

Consequently, increasing scientific effort has been focusing on describing the microtopographic structure in terrestrial ecosystems at fine-resolution (e.g., [START_REF] Maclean | Microclimates buffer the responses of plant communities to climate change[END_REF], but only few have dealt with intertidal rocky-shore environments (e.g., Choi et al. 2019). Fine temporal and spatial resolutions are especially necessary where extreme conditions matter for the species development [START_REF] Kearney | Mechanistic niche modelling: combining physiological and spatial data to predict species" ranges[END_REF]. This is the case in intertidal areas, where mass mortality events associated with temperature conditions occur and will potentially increase due to climate change.

Objective

Physiological ecology is important for understanding and quantifying the strength of the relationship between species traits and processes and environmental conditions. This understanding is at the time essential for macrophysiological studies. In this context, the general objective of this thesis is to: assess the patterns and processes acting at within-site scales that determine the realized habitat and distribution dynamic of a mussel population in an intertidal rocky shore.

This thesis aimed to answer the following particular questions along the different chapters:

• What are the patterns of individual traits and population parameters in a rocky shore? How do they relate to each other?

• Which are the potential microhabitats in the rocky shore, based on topography and microclimate features?

• Do microhabitat features affect mussel population dynamics and distribution?

• Do the variability of microclimate and feeding conditions drive the individual's lifehistory traits variability and ultimately fitness?

• What is the potential effect of microhabitat features on the long-term fitness components of the population?

Strategy and study site

For the present study I will focus on a rocky-shore intertidal habitat, Le Petit Minou site, France, and on a mussel population of Mytilus galloprovincialis. The study site was selected because it includes two rocky shores with contrasted orientation, which we assumed would increase the within-site heterogeneity. The study site has a high tidal variation (~8 m of tidal height range), which contributes to the complex tridimensional heterogeneity of a rocky intertidal environment.

For the analyses, I will consider several spatial scales that describe the within-site heterogeneity, namely, from higher to smaller extent: site, shore, intertidal range area and quadrat (Figure 5). For mapping and spatial analyses I will sometimes refer to "small-scale" to highlight the high resolution, lower than 1 x 1 m resolution (diverse resolutions were used and will be specified in the chapters). Besides, the strategy integrated analyses at both individual and population level of organization, by combining field work analyses and modeling approaches. 

Structure of the thesis

The thesis is composed of 6 chapters, which are related to the specific questions addressed (Figure 6): In chapter 2, Remote sensing for microhabitat mapping, I implemented a remote sensing image analysis approach to describe the topographic microhabitats at the study site scale. A typology of microhabitats was thus defined, based on a set of terrain attributes extracted from the digital elevation model (DEM) of the whole area.

In chapter 3, Modeling hourly temperature conditions of microhabitats, in order to describe the microclimate conditions, I simulated the hourly thermal conditions along the intertidal gradient by connecting the DEM produced in Chapter 2 with a mechanistic microclimate model and the water temperature dynamics according to the tidal cycle. The final temperature of microhabitat captured the topographic horizontal structure of the site as well as the vertical height, therefore, reproducing the tridimensional environmental heterogeneity.

In chapter 4, Remote sensing for mapping the dynamics of mussel distribution, I characterized the dynamic distribution of mussels and evaluated its relationship with the topographic microhabitats and terrain attributes (i.e. slope and orientation angle). To do this, I first developed a Mussel Visualization Index for mussels" identification from drone image analysis and determined the distribution dynamic of the mussel aggregates by identifying the change in covered surface between June 2019 and June 2020. Persistence, gain or loss were quantified on the whole area studied and then linked to topographic microhabitats.

In chapter 5, Effect of microhabitat features on the dynamics of mussels distribution, I assessed the potential role of thermal stress on the observed spatial dynamic of mussels" aggregates. In particular, I predicted the effect of high resolution microclimate on the species body temperature by applying a heat budget model to further predict the survival probability and relate it with the distribution dynamics. The survival model considered the cumulative effect of sub-lethal temperature conditions by accounting for the severity, duration and repetition during consecutive days of exposure. This allowed me to explore the role of the within-site microhabitat heterogeneity in constraining mussels distribution and persistence in the entire site.

In chapter 6, Modeling life-history traits of mussels in microhabitats, I integrated the simulated body temperature-history of different microhabitats with the dynamics of food availability and the model of survival probability to thermal stress developed in chapter 5 to simulate the microhabitat effect on the energy balance of individuals. To do this I used a mechanistic dynamic energy budget (DEB) model. A set of microhabitats were selected based on a) slope and orientation of the substrate, and b) diverse height positions in the intertidal gradient. Body-temperature history in the selected microhabitats were incorporated as forcing conditions in the DEB model. These allowed me to identify the role of specific microhabitat features on the individual life-history traits and infer about its consequences on the population fitness.

In the general discussion I do a synthesis of results and discuss their insights as well new open questions regarding ecological topics of mussels population dynamics and distribution along intertidal rocky shore habitats.

In the perspectives, I propose four concrete research actions to specifically address some aspects of the thesis methods and results that will allow to improve the analyses as well as to continue the research for developing a generic framework to reproduce the mussel"s response under variable environmental contexts.

At the end of the thesis, I present two Annex files. First, the peer reviewed article of the first chapter of this thesis, published in the PeerJ journal. Second, a book chapter currently in press where I have collaborated and presented the analysis of drone images from Le Petit Minou as a study case using the Time-SIFT approach, which proposes a method for improving temporal image analyses.

Other works of this thesis were presented and/or published:  The thesis project was presented in poster format during the DEB Symposium 2019, at Brest, France.

 A dataset produced in this thesis was published in the open access platform SEANOE: Barbosa Romina Vanessa, Bacher Cedric, Jean Frederic, Thomas Yoann (2021).

Individual traits and population parameters of a rocky-shore mussel population. 

Introduction

For marine species living in intertidal zones of rocky shores, environmental conditions vary from centimeters to hundreds of meters depending on habitat structure. These conditions determine population responses through the metabolic processes, behavior, fitness and survival of individuals. For macrotidal ecosystems, the intertidal height creates a gradient of environmental conditions related to the aerial exposure of individuals, which increases from low to high elevation. Consequently, temperature varies according to the intertidal height, with higher daily average maximum at higher intertidal height (Helmuth et al. 2011).

Temperatures also vary daily, depending on topographic features (Seabra et al. 2011, Denny et al. 2011, Dong et al. 2017, Miller & Dowd 2019, Wang et al. 2020), which creates microclimates (Helmuth et al. 2006, Choi et al. 2019). The mosaic of microclimates on a site can represent higher environmental variability than latitudinal mean temperature comparisons (Seabra et al. 2011, Denny et al. 2011). Therefore, evaluating individual variability and population response at the within-site scale (i.e., from centimeters to hundreds of meters) could improve comprehension and forecasting of population dynamics at higher scales.

A diversity of species is adapted to living in highly heterogeneous rocky-shore habitats, mussels being among the most important (Paine 1971, 1974, Menge 1976). Mussels are engineer species that create habitat for other species (Borthagaray & Carranza 2007, Arribas et al. 2014) with a wide distribution. The strategy used by mussels such as Mytilus spp. to dominate the intertidal space is aggregative behavior (Bertness & Grosholz 1985).

Their aggregation structure can be characterized in terms of crowding -how close are individuals -and number of layers (e.g., Guiñez et al. 1999), features that vary between sites and species, and have been related to environmental conditions and species mobility capacity (Commito & Rusignuolo 2000, Gutiérrez et al. 2015, de Jager et al. 2020, Zardi et al. 2021).

Mussel aggregation structure conditions the development and survival of young mussels, by increasing survival of recruits living between aggregated adults (Bertolini et al. 2018). It also conditions the stability of entire patches, since it could affect the resistance to dislodgement (Denny 1987, Gutiérrez et al. 2015, Zardi et al. 2021). Aggregation structure is, therefore, fundamental for the persistence of the population in diverse conditions.

Features of individual mussels and mussel populations have been more frequently examined at regional or latitudinal scales than at the within-site scale. For instance, mussel density and area covered vary between sites and according to intertidal height distribution as a result of complex mechanisms linked to environmental conditions and biotic interactions (Blanchette & Gaines 2007). Mussel populations also present variation of mean individual size and abundance associated with different growth, likely driven by environmental factors such as food availability, wave exposure and temperature (Blanchette et al. 2007, Blanchette & Gaines 2007, Fitzgerald-Dehoog et al. 2012, Gomes et al. 2018). In the intertidal zone of macrotidal areas, the above-described variability of environmental conditions likely determines the performance of individuals across the intertidal height and depending on the angle of orientation of their rocky substrate. Such variability has been observed at latitudinal scales covering a wide area, but scarce information exists about this kind of patterns at within-site scale.

Monitoring environmental conditions and their relationship with individual response at small-scale across a complete study area remains challenging. We propose to use individual traits and populations parameters as proxies of performance to fill the actual knowledge gap and test new hypothesis. Evaluating patterns of individual traits and population parameters at different hierarchical levels and scales (spatial or temporal) is an important way to infer possible underlying mechanisms (Grimm et al. 2005). Any observation presenting a non-random structure, such as the observed structure of individual"s disposition in the space (e.g., patches, uniform, etc.) or the temporal dynamics of individual traits (e.g., phenology of reproduction) constitutes a "pattern". For instance, the aggregation pattern is likely driven by mechanisms of inter-individual interaction and environmental stress (van de Koppel et al. 2008, de Jager et al. 2011, 2020).

In this study, we aimed to study a rocky-shore mussel population at the within-site spatial scale. We hypothesized that the intertidal height and the main orientation of the shore create patterns of traits distribution. Given the hydrodynamics and mixing of the water column at within-site scale, we assumed that all other environmental variables such as food or salinity were spatially homogeneous. We analyzed the patterns of six population parameters: density, biomass, crowding, median individual size, recruitment rate and mortality rate, and four individual traits: growth rate, spawning phenology, maximum size and condition index. Our objectives were [START_REF] Múgica | Season-dependent effects of elevated temperature on stress biomarkers, energy metabolism and gamete development in mussels[END_REF] to test how intertidal height and orientation of the shore affect individual"s traits and population parameters, (2) to infer the link between individual and population level features and (3) to explore the possible upscaling mechanisms driving population structure and processes.

Material and methods

Study site 1.3.1

The study site, known as Le Petit Minou, is located in the bay of Brest, on the western coast of Brittany, France. Le Petit Minou site constitutes a sheltered macrotidal area, which presents a tidal height range of about 6 m (ca. 1 -7 m height). It is made of rocky shores on either side of a beach (Figure 1.1). The two shores show contrasted mean orientation, the "East shore" orientated toward the West -Southwest and the "West shore" oriented toward the Southeast (Figure 1 Mussel sampling strategy 1.3.2 Mussel sampling was carried out on the two rocky shores to either side of Le Petit Minou beach, hereafter referred to as the East and West shores. Sampling was performed monthly from March 2019 to February 2020 by sampling three quadrats (25 x 25 cm) in each shore. The quadrats were positioned to represent different height positions, i.e., a total of 3 quadrats to represent the entire intertidal height gradient, on each shore (West and East). We sampled areas with at least 20-25% of mussel cover in low, mean and high height positions along the altitude range of mussel distribution of each shore (about 1.5 m in the study site).

Quadrat location coordinates were recorded using a real-time kinematic (RTK) GPS, with Lambert93 projection. Before sampling, a picture of each quadrat was taken, which was later used to calculate the area of the quadrat covered by mussels by manually delineating the aggregation margins using ImageJ software.

A drone survey was performed with a DJI® Phantom 4 pro in June 2019 to assess the topographic heterogeneity. Drone images were taken at a 17-m altitude with an overlap of 80% between images to optimize the image alignment and produce a relevant digital elevation model (DEM) of the area. We registered multiple reference position points from the mapped area with a RTK GPS to correct for possible distortions in the DEM reconstruction (Jaud et al. 2018). The analysis of drone images and GPS position for the photogrammetric process was performed with Agisoft PhotoScan Pro v1.2.3. Mean aspect, a circular landsurface parameter used to obtain a continuous gradient stressing the north-south or east-west gradient (Olaya 2009) was calculated in GRASS GIS software. For each shore, aspect was represented as "northness" or "eastness" by deriving the topographic feature orientation (a sine or cosine transformation, respectively) from the DEM (Olaya 2009). This approach allowed to extract the quadrat samples height position, northness and eastness at the precise coordinates where quadrats were sampled. Height position was referred to the Lowest Astronomical Tide (LAT; the chart datum used for tides predictions and water height measurements).

Percentage immersion time 1.3.3 The mean daily percentage immersion time was determined along the intertidal height gradient in the study site based on the tidal regime measurements over the preceding 5 years (from January 1 st , 2015 to December 31 th , 2019) in the study area. Hourly tide gauge measurements of water height at Brest (5 km far from Le Petit Minou) were obtained for the given period from the "Service hydrographique et océanographique de la Marine" (SHOM; www.data.shom.fr). These measurements were used to fit a cubic polynomial model to compute the mean percentage of immersion time (%) in relation to intertidal height (m). We then determined the immersion percentage of every sample based on its intertidal height position.

Sample treatment and primary data 1.3.4

Individual biometric measurements

All mussels in the quadrat samples were sorted using meshes to select the individuals larger than 0.05 cm. Individual shell length (SL, mm) of all selected individuals was then measured by image analysis, using ImageJ software. Pictures of the individuals larger than ca. 0.5 cm were taken at 50 cm height using a canon EOS600D camera, whereas those of small individuals (length < ca. 0.5 cm) were performed under a stereo microscope (ZEISS Stemi 508) with a x6.4 magnification.

For each shore (East and West), thirty individuals were subsampled by selecting ten individuals per quadrat representing its whole range of length (> 0.5 cm length), each month for biometric measurements: total wet weight (TWW), flesh wet weight (FWW), flesh dry weight (FDW) and shell length (SL). These individuals were measured using a Vernier caliper and weighed. Their dry mass was then obtained after drying at 60°C for 48 h (until constant weight). Individual condition index was calculated as CI = FDW / SL 3 (Petersen et al. 2004).

Spawning, sex ratio and recruitment

Histological analyses were performed on 10 individuals above 12 mm in length of each shore and date. This minimum length corresponds to the reproductive maturity according to Toro et al. (2002) and Van Haren & Kooijman (1993). Their sex and reproductive stage were determined to characterize the spawning period and sex ratio of the population. The individuals were dissected, and the flesh fixed immediately in Davidson's solution. After 24-48 h, the individuals were transferred to 70% ethanol, where they were stored until their inclusion in paraffin and histological preparation. The paraffin inclusion process was performed with a Shandon Citadel 2000 Tissue Processor and paraffin blocks were prepared with a cross-section of each individual. The blocks were then sectioned in a microtome to obtain 5-µm layers, which were tinted with hematoxylin and eosin. Pictures of the tissues were taken for further individual reproductive stage determination under an inverted microscope (microscope Leica DMIRB) at x25 magnification. To assess the spawning phenology, we determined the spawning / non-spawning stage following (Lubet 1959). Results were presented as the proportion of individuals at the spawning stage and nonspawning stages for each sampling date (n= 10).

Recruitment was evaluated by identifying the individuals with shell length smaller than 1.07 mm in every sample. These correspond to the length attained at 1 month based on a von Bertalanffy growth function (von Bertalanffy, 1938) calculated from parameters estimated from the site data as a whole (see details in section 1.3.4.3). Recruitment was represented as the monthly recruit density in a fully covered area, i.e., dividing the number of recruits by the area of the quadrat covered by mussels (estimated from the image of the quadrat).

Individual growth

Individual growth profile was estimated from the seasonally oscillating von Bertalanffy growth function (soVBGF) parameters (Somers 1988). The individual length distribution of the population, considering all sampled individuals, was used to estimate the parameters of the soVBGF based on length frequency analysis (ELEFAN, Pauly & David, 1980):
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where L t is length at age t, L inf is the asymptotic length, K is the von Bertalanffy growth constant, t 0 represents the theoretical age when individual length is 0, and )). C is a constant representing the amplitude of the seasonal growth oscillation, with higher values indicating higher seasonal contrast/oscillation, e.g., C = 0.5 indicates that growth during the favorable season is increased by 50% (maximum); t s is a fraction of the year where the sine wave oscillation begins (relative to t = 0), i.e., when it turns positive and shifts towards a season when growth is strongest. In the ELEFAN model, length is related to time rather than age, and the time when length is 0, t 0 , can be interpreted as the recruitment time. t 0 takes values from 0 to 1, so 0.5 means a recruitment period in June.

Parameter estimation is based on the shell length mode distribution of the population in each shore to account for different distribution shape, in the East and West shores.

The Genetic Algorithm (GA) was applied for the optimization of the fitting process and was implemented with the ELEFAN_GA function from the TropFish package in R software (Taylor & Mildenberger 2017). The ELEFAN_GA function was applied with a bootstrap approach with 100 resamplings. A first exploration of the best fitting scores of L inf and K parameter combinations was performed by response surface analysis (RSA) on a wide range of L inf (40-140 mm) and K (0.01-1) values. The range of L inf searching values of the final analysis was restricted then according to the first exploration. In the parameter estimation analysis, one important factor is the moving average (MA) setting, which can affect parameter estimation since it determines the number of bins used for the moving average (Taylor & Mildenberger 2017). A MA of 9 was selected, which corresponds to an approximation of the number of bins spanning the smallest (i.e., youngest) cohort width, as suggested by Taylor & Mildenberger (2017). This MA selection approach was supported by a sensitivity analysis for evaluation of the results from MA values of 3, 5, 7, 9 and 11.

The consistency of L inf and K parameter results from the ELEFAN_GA approach was validated by comparing simulated growth curves with a size-age relationship of a set of individuals based on sclerochronology analysis. For the sclerochronology analyses, the shells of individuals of diverse size (17 individuals from the East shore and 17 from the West) were selected and fixed in resin. A longitudinal cut was performed on the resin block and the resulting shell slice was observed under a microscope to count the annual growth marks to estimate individual age. This gave one age-length point from each individual in the validation step.

We then compared the growth curves between the West and East shores based on the ELEFAN_GA approach since this analysis considered all sampled individuals. We calculated the overall growth performance phi prime (φ') from the estimated K and L inf (Munro & Pauly, 1983) for the West and East shores separately, following the equation:
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Mortality rate

The age of individuals on the West and East shores was estimated based on their length and the von Bertalanffy growth curve to obtain the age class distribution. From this, the average mortality rate was estimated for each sample as in (Blicher et al. 2013), by applying a negative exponential mortality model to the population age distribution:

were N 1 is the number of mussels (ind.m -2 ) in age class 1, N t is the number at age t, and Z the mortality rate. To avoid bias due to the variability in recruitment density, age class 1 was excluded.

Biomass, density, crowding and potential fecundity

It is worth mentioning that, in this study, we did not evaluate the covered area as a parameter but we evaluated the structure of the covered area inside the quadrat with diverse population parameters such as biomass, density, crowding, and others derived from biometric traits of individuals (e.g. median shell, see next section). It means these parameters do not represent the real densities or biomass of the entire site but standardized values representing the aggregate composition.

The total biomass of each individual was estimated based on the allometric relationship between SL and TWW, TWW = a SL b . Parameters a and b were estimated by a nonlinear least square function approach applied to the ensemble of biometric observations (n individuals = 720) (R software, nls function). Then, total biomass per square meter was obtained from the sum of individual TWW (kg) and the percentage of covered area of each sample, determined from the image of the quadrat:

) ∑ TWW CC QA
where TWW is the total mass of each mussel in the quadrat, CC is the "proportion of covered area", i.e., the proportion of the quadrat covered by mussels, and QA is the quadrat area = 0.0625 m 2 .

Similarly, density was obtained by dividing the total number of individuals in a quadrat by the mussel-covered area. To examine variations in mussel crowding along the intertidal height gradient, between shores and its relationship with population density and median individual length, a novel "crowding index" was derived. It was defined as the ratio between the observed covered area, corresponding to the visually observed area from the picture analyses (Figure 1.2), and the cumulative sum of the basal area of all individuals, derived from the biometric relationship: individual basal area (Alunno-Bruscia et al.

2001), without including recruits. This makes it possible to represent the spatial crowding of individuals inside a patch. A ratio equal to one indicates perfect equivalence between the covered basal area and the observed covered area. Values higher than 1 indicate patches with a high degree of crowding among individuals (Figure 1.2A), and values lower than 1 correspond to lower crowding and consequently greater space between individuals (Figure 1.2B). Our crowding index quantifies the overlapping degree between individuals of a monolayer aggregation occurring in the study site and is original compared to other approaches (e.g., Guiñez et al. 1999).  and the egg quantity -mass equivalence: 10 6 eggs = 52.5 mg (Bayne et al. 1975).

Statistical analysis 1.3.5

To identify dates where the frequency of spawning individuals differed between the shores, a G-test of independence was performed between West and East rocky shore areas for each sampling date. A Chi-squared test was performed to test whether the population had a 1:1 sex ratio over the entire study site.

Statistical analyses were performed considering the independent variables: i) West and East shores (i.e., between-shore differences), ii) date (i.e., temporal variation), and iii) intertidal height (in meters, continuous variable). We evaluated the effects of these variables on each population parameter and individual trait (listed in the introduction) by applying general linear models (LM) and a generalized linear model (GLM) in the case of condition index. To fulfil the assumptions of homogeneity of variance and normal distribution of residuals for linear models, a log(base10) transformation was applied to the density of individuals. The homogeneity of variance of groups was verified using the Levene test with A GLM was performed to test the condition index (CI) using the glm function of the stats package (R Core Team, 2020), with a gamma family and the link function: log, which allows fitting count data with high dispersion. The lsmeans function (lsmeans package; Lenth 2016) was used to perform all pairwise comparisons using a post-hoc Tukey tests with an adjusted p-value and alpha of 0.05.

The spatial variation of the instantaneous mortality rate was tested both along the intertidal height gradient and between the West and East shores, as was the interaction between these factors. This was performed by applying a general linear mixed model (LMM) with log10 transformed response variable and sampling date as a random factor using the lmer function (lme4 package; Bates et al. 2015). The effect of adult density on the recruit density was also tested in addition to the effect of shore, date and intertidal height. One LM was done with all these independent variables and a second with the significant factors, adult density and date to identify the months with significant differences.

Finally, the significance of the relationships between crowding index and the population parameters density, median individual length and shore (East/West), were analyzed using a LMM. Density of individuals and median individual length were considered as fixed factors and date as a random factor. The assumption of the normal distribution of residuals were verified with a Shapiro-Wilk normality test. For this analysis, density and median length of population size distribution were calculated without including recruits because the latter do not contribute greatly to crowding.

Results

Intertidal height range and immersion percentage of mussel samples 1.4.1

The samples covered the entire intertidal height gradient on both West and East shores, ranging from 3.55 to 5.09 m, corresponding to a yearly-averaged immersion time varying from 34.47 to 61.16% (Figure 1.3). The West shore showed mussel patches along almost the whole of this intertidal height range, whereas the East shore reached the lower limit of mussel distribution at a higher intertidal height (4 m). The orientation of samples on the two shores presented significant differences in eastness and northness features. The samples from the West shore were mainly orientated toward the south and almost perpendicular to the east, whereas the East shore samples were oriented to the west and almost perpendicular to the north-south axis (Figure S1.1). Condition index, spawning, sex ratio and recruitment 1.4.2 The sex ratio was not significantly different from 1:1 according to a Chi-squared test.

The condition index (CI) was only significantly higher on the West shore than on the East shore in August, and there were some significant differences between dates depending on shore (Table 1.1, Table S1.1, Figure 1.4A). CI was significantly lower during March-April 2019 and February 2020 on the West shore, and during March 2019 and February 2020 on the East shore, compared with the period June-September 2019 (Figure 1.4A, Table S1.1). Furthermore, CI was not significantly related to the intertidal height (Table 1.1, Table S1.2).

The temporal variation of CI was consistent with the variation in reproductive stage of individuals, with significantly lower CI during the spawning periods (Figure 1.4, Table S1.2).

The proportion of individuals at the spawning stage varied through the year with two main periods of increase during March-May and September-November, with some differences between the West and East shores during the second period (Figure 1.4B). Differences between the shores were revealed by G-tests in which there was nonindependence of the frequencies of spawning individuals in July (G = 4.69, p-value = 0.03), November (G = 5.3, p-value = 0.02) and February (G = 4.07, p-value = 0.04).

Recruit density indicated an almost continuous recruitment, with significant differences between dates and the same temporal pattern on both shores (Table 1.1, Figure 1.4C). Recruit density also had a nonsignificant relationship with intertidal height, but a significant positive relationship with the density of adult individuals at both shores considered. The relationship with adult density was non-significantly different between shores, i.e., non-significant interaction (Table 1.1, Table S1.2, Figure 1.5). The highest recruitment occurred from April to September, with a significantly higher density in August relative to most other months. Secondary increases were also seen on the West shore in December 2019 and February 2020, although they were not statistically significant (Figure 1.4C). The first recruitment periods followed the increase of the proportion of individuals at the spawning stage (March-May 2019), but the higher recruit density was observed 3 months after the end of this period (August). The second increase in the proportion of individuals in spawning stage, September-November 2019, was followed by a small (non-significant) increase in recruit density in December, in the west shore (Figure 1.4). and East (light grey) shores at Le Petit Minou. The trend on each shore is represented by the lines; there is no significant difference in the slope of the regression lines (no significant interaction, for more details, see Table 1.2 and Table S1.3).

Individual Growth 1.4.3

The soVBGF parameters indicate differences between the two shores, with K = 0.12, L inf = 65.25, C = 0.42, t s = 0.56 and φ = 2.71 in the West, and K = 0.19, L inf = 62.54, C = 0.51, t s = 0.5 and φ = 2.87 in the East (Figure 1.6). Both curves are shown in Figure 6, with the estimated parameters and t 0 equal to 0.52 and 0.67 for the West and East, respectively. Moreover, these estimated growth curves matched with the range of the age-at-length data derived from the sclerochronology analysis (Figure 1.6). showing the concordance between estimations and observations. The von Bertalanffy curves have been estimated based on the size distribution of all sampled individuals from the West (dark grey) and East (light grey) shores of Le Petit Minou using the ELEFAN_GA approach. Age-at-length data was determined by sclerochronology analysis. Dark grey and light grey circles correspond to the age at length (only the last growth mark was considered) of individuals from the West and East shore (n = 17; from each shore), respectively. 1.4.4 The instantaneous mortality rate (Z) varied from 0.43 to 1.43 yr -1 , with a mean of 0.642 (± 0.170 SD) in the West and 0.919 (± 0.246 SD) in the East. The result from the LMM indicated that the log-transformed mortality rate (Z) was significantly different between the two shores and was positively related to the intertidal height in both, i.e., mortality increases as intertidal height increases (Figure 1.7, Table 1.2, Table S1.2). Population biomass, size structure, density and crowding 1.4.5 No significant difference in total biomass was found between the East and West shores or between sampling dates (Table 1.1, Table S1.2). There was a significant interaction indicating a shore-dependent intertidal height effect on biomass, but this was due to two very influential points in the highest topographic position in the entire site. As these points were outside the common range of distribution between West and East, we did not consider them in the final analysis, so there was no significant intertidal height effect on the biomass (Table 1.1, Table S1.2, Figure 1.8A).

Mortality

A significantly higher density of individuals was found on the West shore than on the East, without any differences between dates (Table 1.1, Table S1.2, Figure 1.8B). In addition, Linking individual and population patterns | Chapter 1 59 there was a significant intertidal height effect on the density of individuals, with the same positive trend in both rocky-shores (Table 1.1, Table S1.2, Table S1.3, Figure 1.8B).

The median length of individuals was significantly higher on the East shore than on the West and was significantly positively related to the intertidal height position on both shores (Table 1.1,Table S1.2,Table S1.3,Figure 1.8C). There was a significant higher maximum length in the East than in the West with no differences between dates. Maximal length was significantly negatively related to intertidal height (Table 1.1, Table S1.2, Table S1.3, Figure 1

.8D).

There were no significant differences in the crowding index either between West and East or between dates (LM results, Table 1.1, Figure 1.8E). Crowding index was positively related to the density of adult individuals and the median length of adult individuals of the population, with a lower slope in the first case (LMM results, Table 1.1, Table S1.2, Table S1.3, Figure 1.8F). ). The trends on each shore are represented by the lines in the cases of significant relationships; significant differences between shores are indicated *rocky shore on the plots; there are no significant differences in the slope of the regression lines in each plot (no significant interaction, for more details, see Table S1.2 and Table S1.3). Median length and maximum length were calculated from a variable number of individuals, which corresponded to the total of individuals in the sample excluding recruits (data available in the supplementary material). In panel (F) the surface layer represents the trend of crowding index depending on the density and median length, and each pair-variables relationship is represented by the projected shadow of observation into each axis (dots).

Individual and population fecundity 1.4.6 Considering the mean size distribution of the population on each shore, the potential reproductive output was very similar between the two shores: 112.92 (± 42, SD) and 106.5 (± 32, SD) g.m -2 in West and East, respectively (Figure 1.9). This was equivalent to a total of 2.15 x 10 9 and 2.03 x 10 9 eggs.m -2 released per covered square meter in the West and East, respectively (Figure 1.9). The mean total density of reproductively mature individuals (individuals of size > 12 mm (Toro et al. 2002) were 8819 and 7939 ind.m -2 in the West and East, respectively. 

Discussion

By combining spatial and temporal observations, we uncovered several patterns related to the phenology of spawning and recruitment, population dynamics and aggregation structure of mussels on two rocky shores. Our results revealed asynchrony between spawning and recruitment, two life history traits of fundamental importance for population persistence.

We observed that the spatial variability in spawning phenology allowed a second spawning during higher stress summer conditions. Additionally, our results showed that individual and population patterns contrasted with biomass stability along the intertidal height and between the two rocky shores. In the following paragraphs, we discuss these results and the possible mechanisms underlying the aggregation structure by examining the relationships among the observed patterns of density, size distribution, growth, mortality and recruitment.

Phenology of spawning and recruitment 1.5.1 Spawning and recruitment phenology determine the conditions to which larvae and recruits are exposed and will, consequently, affect population dynamics. Recruitment occurs after the spawning period, larvae development and settlement. Larvae may recruit in the same area as their progenitors, i.e., self-recruitment, presumably 2-3 weeks after the progenitors spawned. However, larvae can also disperse and settle in other areas and, in this case, the lack of self-recruitment can be observed as local asynchrony between spawning and recruitment dynamics. Other causes of asynchrony are recruitment failure or a primary recruitment on other sites than the mussel bed, as in filamentous algae (Bayne 1964). Temperature and feeding conditions determine individual spawning and recruitment phenology and success along the coast. In general, there is one main spawning period at high latitudes (e.g., Kautsky 1982, Antsulevich et al. 1999, Thorarinsdóttir & Gunnarsson 2003) and two periods in temperate regions (e.g., Seed 1976, Lowe et al. 1982). In our study site, spawning, although continuous, peaked in spring and autumn in agreement with prior observations in the Brittany region (Lubet 1959, Lacroix et al. 2017). Similarly, recruitment was also continuous and generally low, with peaks in spring and summer. Thus, we observed synchrony between recruitment and spawning dynamics during spring and asynchrony during summer and autumn. During summer, the asynchrony, which was caused by a peak of recruitment without a preceding peak of spawning, could have resulted from the arrival of larvae from other sites with differing reproductive phenology. In autumn, the asynchrony, which involved a peak in spawning without a following peak in recruitment, may be related to the dispersion of larvae to other sites, recruitment failure or recruitment on other substrates not analyzed in this study.

These asynchronies between recruitment and spawning highlight the influence of larval dispersion and connectivity in the population dynamics of the study site. Thomas et al. (2020) pointed out the fundamental role of connectivity between sites for population dynamics along the coast of this region. Thus, the studied population at this site may have a dynamic, undefined role in overall population connectivity, i.e., acting as a larval supplier or receiver, depending on the season and environmental conditions.

Variation in spawning phenology within the study site was also observed, suggesting different temporal dynamics of microclimate conditions between the two shores.

Microclimate conditions may change due to the interactions between factors such as wind speed, wave height, solar radiation, time of low tide and angle of substrate (Denny et al. 2006, Seabra et al. 2011, Helmuth et al. 2011, Choi et al. 2019). These factors can be particularly contrasted between West and East shores due to their different orientation.

Consequently, individuals showed temporal variations in performance between shores. For instance, both a lack of spawning during July and lower condition index during August suggest a decrease in the performance of individuals on the East shore during summer compared with the West. Summer conditions were characterized by a high maximum aerial temperature (maxima of 27°C and 25°C in July and August, respectively, https://www.historique-meteo.net/france/bretagne/brest/2019/07/), high SST (almost 3°C higher than the mean of the last nine years, data not shown) and low tide periods at midday. Choi et al. (2019) estimated that higher variation in substrate temperature (ranging from 25.7°C to 41.4°C) could be due to co-occurring high aerial temperature and high solar radiation, which is likely what took place in our study site. Gametogenesis can be slowed by high temperatures of water (Fearman & Moltschaniwskyj 2010) and seawater temperatures higher than 20°C can accelerate gamete release (Múgica et al. 2015), which may explain the observed discontinuity of spawning between month, and presence of oocyte atresia (data not shown). Also, a low condition index, i.e., loss of individual weight, which is mainly related either to spawning or physiological stress periods, was observed during August (when no spawning occurred) suggesting physiological stress.

Based on these observations, we hypothesize that the observed shore differences in the reproductive stage and condition of individuals were related to a temporal change in the microclimate, specifically the high temperatures recorded. The temperature also drives the reproductive phenology at within-site scale. Our work suggests the likely role of the different shore orientations within the studied site. That is, the different shore orientations potentially create refuges during stressful conditions. The different microclimates between shores were fundamental during summer because they allowed a second spawning period on the West shore, where in general conditions individuals grow slower. This is an example of how, during fluctuating conditions, individuals living in suboptimal conditions can show a higher performance than individuals living in more optimal conditions, i.e., the "suboptimal can be optimal" (Martin & Huey 2008), which ensures their contribution to the gametes that will make the future cohort.

Variability of traits contrasts with stability of biomass 1.5.2 Unexpectedly, biomass was stable in both space and time in our study. This pattern of biomass stability results from the interaction between the patterns of individual traits and population parameters and is mediated by a relatively constant crowding of individuals. The aggregation structure itself results from a trade-off between the density and size of individuals. More individuals can occupy a given area if they are smaller. This pattern has already been observed in single-layer mussel aggregations (Petraitis 1995). Population size structure and density are affected by both individual-and population-level processes, such as growth, recruitment and mortality. Petraitis (1995) pointed out that these processes can drive the capacity of a mussel bed to keep the covered area constant. Keeping the covered area constant is also associated with keeping the crowding constant to maintain the aggregation structure of a 100% covered area. The aggregation structure can remain constant if individual mussels move and tend to segregate, which has been observed in sandy environments (Liu et al. 2014) and may play a fundamental role in the aggregation pattern observed on rocky shores. Nevertheless, movement behavior under stressful wave conditions can increase the probability of dislodgement/mortality, as suggested in a M. edulis population by Schneider et al. (2005). We hypothesize, therefore, that growth, mortality and recruitment rates can also play a role in the stability of the crowding structure of an aggregation. This is supported by the observed patterns of individual growth rate, mortality and recruitment throughout the site, between shores and along the intertidal height gradient. The higher individual growth rate observed on the East shore could compensate for the higher loss of covered area or decrease of crowding due to mortality, forming mussel aggregations of larger individuals with a lower density, as observed. Conversely, on the West shore, vacant space can be filled due to higher recruitment, despite lower growth rates forming highly dense aggregations of small individuals. A similar pattern emerged along the intertidal height gradient. The higher mortality observed at increasing intertidal height could be compensated by the higher recruitment, but not likely by the growth rate since individuals grow slower at high intertidal height due to lower proportion of time in immersion. The density-dependent recruitment process observed is fundamental for maintaining the crowding level, particularly under lower growth rate conditions. This is because, when growth is slow, several individuals will fill a determined gap caused by mortality of an individual much faster than a few individuals growing slowly. Density-dependent recruitment has already been observed in other studies (e.g., Mcgrorty et al. 1993, Dolmer & Stenalt 2010).

For sessile species on rocky-shores, space is a limiting factor, and the dynamics of space availability are fundamental for understanding population and community dynamics.

The crowding structure of the population in our study indicated a highly compacted positioning of individuals. The sum of the basal area of individuals was as much as 50% higher than the observed covered area (crowding of 1.5), which indicates that the general hypothesis that the sum of area occupied by the sum of individuals is equal to the covered area (crowding equal to 1) is not corroborated in wild populations. This assumption was considered for modeling the space occupation in monolayer mussel beds (e.g., Roughgarden et al. 1985, Petraitis 1995), and its violation could mean an overestimation of the occupied area and consequently the possible limitation of available space for expansion of a population. Furthermore, the aggregation structure is important for patch stability and population persistence (Dugatkin et al. 1992, Guichard et al. 2003, Liu et al. 2014, Guichard 2017). For instance, in our study site, the aggregation structure may increase patch stability, as indicated by the longevity of some individuals, found to be around 11 years old, which may underpin the persistence of this population. Thus, representing the mechanisms underlying the spatial occupation and crowding structure of mussel aggregations in rocky environments could allow an exploration of the population response under changing conditions (e.g., Zardi et al. 2021).

Interestingly, despite the different population size distribution between the two shores, our estimates indicate similar potential reproductive output (eggs per square meter), suggesting a density-size trade-off. This is to say that high-density patches of small mussels may have a similar egg production as sparser patches of large mussels, under the assumption of similar individual reproductive output (but see Sukhotin & Flyachinskaya 2009) and1:1 sex ratio observed in the study site. Thus, we hypothesize that the structure of the patches would tend to maintain or carry a maximum of biomass due to trade-offs between density and size while maintaining and maximizing the reproductive output.

Environmental heterogeneity underlying individual traits and 1.5.3 population parameters patterns

The patterns of spatial variability of individual traits and population parameters in our study site suggest that heterogeneous environmental conditions influence variation in individual-and population-level processes. In our site, shore orientation likely determined different temperatures (e.g., Helmuth 1998, Choi et al. 2019), whereas intertidal height gradient determine the duration of emersion. During emersion time, orientation heterogeneity and intertidal height could determine the maximum temperature and the duration of exposition to such temperature, respectively. Combining the temperature and duration of exposure is fundamental in regulating the mortality by heat stress (Harley 2008, Mislan & Wethey 2015, Seuront et al. 2019). This could be linked to the observed patterns of increasing mortality when increasing intertidal height due to a higher time of exposure. In addition, energetic demand depends on temperature, which could explain the observed differences on growth rate.

Nevertheless, determining the main driver of the observed patterns could be difficult due to the combination of multiple environmental factors. For instance, topographic orientation combined with slope can increase the wave exposition and intensity (Guichard et al. 2001, Denny et al. 2004), causing higher mortality by dislodgement (McQuaid & Lindsay 2000) and determine the swash and potential differences in immersion/emersion time.

Furthermore, individuals exposed to similar thermal stress conditions (same temperature and duration) show higher survival if they have more food available, i.e., more energy to support the stress (Fitzgerald-Dehoog et al. 2012). This reinforces our interpretation of the gradients observed along the intertidal height gradient. Individuals located at low height, with longer immersion times, have greater access to food and consequently lower mortality rates.

Conclusions

This study constitutes an integrative characterization of a wild rocky-shore mussel population at both spatial and temporal scales, and at individual to population level. This integrative analysis allowed us to evaluate the patterns and relationships between the main individual traits and population parameters. Moreover, our results shed light on how the interaction of processes at the individual scale could drive the patterns observed at population scale. The next steps needed to gain insight into the system dynamics should address the environmental drivers underlying the variability of processes creating the observed patterns.

Analysis of current aerial images to represent and characterize the terrain surface, and to assess the target species distribution (e.g., Gomes et al. 2018) may be a suitable approach for identifying the environmental changes at desired scales (microclimates) (e.g., Choi et al. 2019, Kearney et al. 2020a). Finally, linking all the information together, including the patterns, processes and environmental variability, in mechanistic models may be a promising avenue for testing the hypothesis that emerged here, such as the local effect of temperature on the phenology of reproduction, and the mechanisms of crowding and its role in population resistance to stress and disturbances. 

Supplementary material

Site

Date meanCI East

Table S1.3 Result of estimated parameters of the significant linear relationships tested between individual traits/population parameters and the intertidal height above LAT, as well as tested relationships between population parameters. Significant differences between shores are indicated in exponent: non-significant p > 0.05: NS; p < 0.05: *; p < 0.01:**; p < 0.001: ***. Relationships between the crowding index, adult density and population median length combine west and east shores results, as represented in Figure 1.8.

Relationships between individual traits / population parameters and the intertidal height

West  Baseline information for the study of intertidal species distribution is developed.

 A different distribution of topographic microhabitats between rocky shores is related to shore general orientation and tridimensional structure.

Introduction

Intertidal rocky shore topography generally presents complex tridimensional structure, creating heterogeneous microhabitat conditions in these highly variable environments. This heterogeneity directly regulate local drivers which affect the distribution of species. For instance, stressing conditions such as waves (O" [START_REF] Donnell | Reduction of wave forces within bare patches in mussel beds[END_REF][START_REF] Burel | Small-scale effects of hydrodynamics on the structure of intertidal macroalgal communities: A novel approach[END_REF], wind, solar radiation and temperature (Helmuth et al. 2006, Meager et al. 2011[START_REF] Bouchet | Topographic determinants of mobile vertebrate predator hotspots: current knowledge and future directions[END_REF]) are directly related with the topography of intertidal areas.

Characterizing such heterogeneity in the topographic structure is, thus, fundamental for addressing the relationship between habitat conditions and species distributions within a site.

The use of unmanned aerial vehicles (UAVs) like drones for acquiring aerial images and algorithms of structure from motion (SfM) allow to create bidimensional (orthophoto)

and tridimensional digital elevation models (DEM) that represent the topographic structure.

UAVs images and SfM analyses have increased in the last decades due to their relatively low cost and the increase in computing capacity. One of the most general applications of image analyses is the habitat mapping. Benthic habitat mapping includes the intertidal and submarine environments. Although there are several studies showing the advantages and recommendations for using images on habitat characterization (e.g., [START_REF] Murfitt | Applications of unmanned aerial vehicles in intertidal reef monitoring[END_REF][START_REF] Duffy | Spatial assessment of intertidal seagrass meadows using optical imaging systems and a lightweight drone[END_REF], there are few studies at high resolution (<1m) describing intertidal rocky shore environments [START_REF] Kaplanis | Future sea-level rise drives rocky intertidal habitat loss and benthic community change[END_REF]. In intertidal environments, drone and satellite images have been used to map the distribution of species (e.g., [START_REF] Bryson | Kite Aerial Photography for Low-Cost, Ultra-high Spatial Resolution Multi-Spectral Mapping of Intertidal Landscapes[END_REF][START_REF] Barrell | High-resolution, low-altitude aerial photography in physical geography: A case study characterizing eelgrass (Zostera marina L.) and blue mussel (Mytilus edulis L.) landscape mosaic structure[END_REF][START_REF] Konar | The use of unmanned aerial vehicle imagery in intertidal monitoring[END_REF], but usually focus on wide areas with resolutions over 1 x 1 m cells. Besides, these studies rarely associate species distribution and processes related with the substrate structure. For instance, Gomes et al. (2018) used drone images for mapping the distribution of mussels and related individual size and population density with the rugosity of the surface and waves intensity by comparing diverse sites. They observed a direct increase of individuals" size with higher surface complexity, measured as terrain roughness index (TRI) (Gomes et al. 2018). Thus, this approach allows the study of ecological questions at a closer range than when using images from other sources such as from satellites [START_REF] Anderson | Lightweight unmanned aerial vehicles will revolutionize spatial ecology[END_REF].

Besides, SfM algorithms give the tridimensional structure of the surface allowing multiple applications such as the calculation of terrain attributes for characterizing the topographic structure, and measures of surface complexity (e.g., roughness, fractal dimension) [START_REF] Murfitt | Applications of unmanned aerial vehicles in intertidal reef monitoring[END_REF]. Particularly, slope and orientation terrain attributes are related with solar incidence due to its relationship with the sun position (zenith and altitude) and, consequently, affecting substrate temperature. Other attributes are related with air or water dynamics over the surface. For instance, terrain curvature affects the velocity and change of direction of water. Slope and orientation have been related to the wave's exposition or hydrodynamic force, although in some cases it seems to be site dependent (Denny et al. 2011). The complementarity between diverse terrain attributes is important for characterizing the potential type of habitats and possible refuges for assessing species distribution (Lecours et al. 2016b). Although all terrain attributes could be used to define habitats (e.g., Lecours et al. 2016), the selected scale at which they are represented depends on the objectives [START_REF] Costello | Distinguishing marine habitat classification concepts for ecological data management[END_REF]. For instance, topographic structure -defined by a combination of terrain attribute conditions, e.g., a hill-at scale of meters determine mainly hydrological and microclimate conditions (Guichard et al. 2003[START_REF] Burel | Small-scale effects of hydrodynamics on the structure of intertidal macroalgal communities: A novel approach[END_REF], whereas centimeter scale structure could determine particular species larval settlement, biotic interactions and attachment resistance (discussed in [START_REF] Erlandsson | Contrasting spatial heterogeneity of sessile organisms within mussel (Perna perna L.) beds in relation to topographic variability[END_REF]. Hence, both scales are important if we are interested in the microhabitat conditions that would constrain species presence.

Due to the interest in linking microsite topographic conditions with species distribution, this chapter goals were to 1) characterize the slope and orientation attributes, 2) create a classification of "topographic microhabitats" and 3) characterize their distribution, along two intertidal rocky shores with contrasted structure and orientation constituting a practical method to represent the environmental conditions along the entire intertidal area in Le Petit Minou. We focused particularly on the "potential habitat", defined here as all the rocky substrate area in the intertidal area, since it is fundamental for the attachment of benthic sessile species. To our knowledge, this is the first analysis characterizing the topographic microhabitats of an intertidal rocky shore considering diverse terrain attributes at high resolution. The results will constitute the basis for analyzing the relationship between the topographic microhabitats distribution and temperature conditions (see Chapter 3), as well as its effect on mussels" distribution dynamics in Le Petit Minou (see Chapter 4).

Methods

The general strategy applied is represented in were taken at about 30 m of altitude with 1" CMOS camera with a fixed focal length of 8.8 mm (35 mm equivalent: 24 mm) taking 8-megapixel resolution photos (which corresponded to a ground resolution ca. 5 mm/pixel) in intervalometer mode every 2 seconds. This frequency makes possible an overlapping area of 80% between consecutive images to optimize further alignment of images and DEM construction. The total number of images processed for June 2019 were ca. 240 for the west and ca. 260 for the East shore. Besides, multiple ground control points (GCPs) were registered from the mapped area with a real-time kinematic (RTK) GPS to limit possible distortions as "boul effect", common in linear surveys, in the DEM reconstruction (Jaud et al. 2018). The GCPs positions were referenced with a red plastic disc in the field for further visual identification in the images. 

Digital surface model (DEM) construction

2.3.2

The drone images and GCPs were used to construct a DEM with the Structure-from-Motion (SfM) photogrammetry method (Fonstad et al. 2013) in Agisoft PhotoScan v.1.4.0 software.

The complete process implemented in PhotoScan included the following steps:

1. Images alignment based on the images position information.

2.

Common key tie points detection (set to 40000) and match between overlapping pictures and calibration of position and orientation parameters of the camera by bundle adjustment and sparse cloud point generation.

3. Hand pointing of GCPs position in the images (marked by the red discs) and re-alignment of images (high resolution setting mode).

4. Common tie points detection for improving camera parameters calibration.

5. Generation of a dense point cloud.

6. Construction of a 3D polygonal mesh.

7. DEM construction based on interpolating the irregular polygonal mesh into a regular grid.

Generation of the orthophoto (a mosaic of geometrically corrected aerial photographs).

The final cell resolution of the DEMs was 1 x 1 cm and consequently the minimum resolution of derived terrain attributes was also 1 x 1 cm. The resultant mapped area was restricted to the rocky shore surface. To do this, we created a hand delineated polygon excluding sand areas and used it to mask the DEM in QGIS. Masked total area of both shores was relatively similar, 3190.46 m 2 and 3061.969 m 2 in the West and East shores, respectively. Similarly, the surface covered of both shores in the intertidal height range, defined by the tidal dynamics from 0 to 8 m above the Lowest Astronomical Tide (LAT) did not differ considerably, with ca. 1515.76 m 2 and 1460.64 m 2 in the West and East shores, respectively.

The altitude (z value) of the constructed DEM was corrected to represent the zero altitude at the LAT -the chart datum used for tides predictions and water height measures -, which is represented in relation to the IGN69 ellipsoid, for further coherent association between the bathymetry and water level. This correction was performed by first representing the DEM projected to Lambert93 (referred to the IGN69) with the reference to RAF18 (available in https://geodesie.ign.fr/index.php?page=grilles), which gives the difference between the WGS84 ellipsoid and the IGN69. Then, the altitude of LAT at the study area was determined by selecting the closest point of reference available in BathiElli WGS84 (BATHYmétrie référencée à l"ELLIpsoïde project, available in https://data.shom.fr/). Finally, the difference between altitude in BathiElli (IGN69) and RAF18 corresponds to the value for correcting the DEM altitude, being +3.293 m (WGS84/IGN69= 50.753 m; WGS84/Zéro Hydro= 47.470 m) in Le Petit Minou.

Derived terrain attributes 2.3.3

Slope and orientation, also called aspect, were derived in order to characterize their distribution along the study site due to their importance in conditioning sun radiation. These and other extra terrain attributes were combined to represent the diversity of topographic microhabitats along the rocky-shore. A set of 10 terrain attributes were derived from each rocky-shore based on its DEM using the raster analysis tools from QGIS software: orientation, easterness, northerness, profile curvature, planar curvature, general curvature, slope, roughness, terrain roughness index (TRI), and topographic position index (TPI, relative deviation from mean value) (see Figure 2.3 for details). All terrain attributes indicate the particular condition of a cell with respect to its neighbor cells.

• Northerness and easterness constitute the transformation of orientation for representing the orientation respect to the North and to the East, respectively.

Northerness and easterness were used instead of orientation for the following analyses. These attributes can present values from -1 to 1, with positive values indicating North or East orientation of the cell in northerness and easterness, respectively.

• Curvatures represent the shape of the altitude gradient by identifying if they have concave or convex shape in the case of general curvature; if the shape is concave or convex when looking in the horizontal axis or in the vertical axis in the case of planar curvature and profile curvature, respectively.

• Slope measures the inclination respect to the horizontal axis, here represented as a percentage, with higher values indicating higher inclination.

• Roughness, TRI and TPI measures the heterogeneity of altitude between the cells with different approaches; roughness uses the maximal distance to neighbors, TRI uses the mean distance to neighbors and TPI uses the difference between the mean altitude of neighbors and the central cell altitude (Figure 2.3). Most of these selected terrain attributes, except TRI and planar curvature, are recommended by (Lecours et al. 2016a) to optimize the representation of the topographic properties and to assess how they vary in a given site.

The magnitude of topographic variability that can be represented by the terrain attributes depends on the resolution of the cells. To account for the maximum topographic variability in the study site, each attribute variable was upscaled to diverse resolutions; 2 x 2, 5 x 5, 10 x 10, 20 x 20, 50 x 50 and 100 x 100 cm. Variograms giving the global variance at every resolution were then performed for each topographic attribute. The final resolution of each terrain attribute was selected based on the highest variance represented, which was at 5

x 5 cm resolution. This allows to better capture the surface complexity. Finally, each attribute was projected at the finest resolution selected for subsequent treatments.

Topographic microhabitats classification 2.3.4

Our objective was to identify types of topographic microhabitats. For this purpose, we combined terrain attributes to qualify the microhabitats and to group together topographically homogeneous areas. To do this, we performed a cluster analysis with the 10 terrain attributes.

All attributes were scaled (standard score-z: subtracting the mean to each observation and then dividing by the standard deviation) and all cells covering the study area were used (5 x 5 cm resolution) in the classification of the k-mean clustering algorithm. K-mean nonhierarchical algorithm performs the partitioning of the data around a predetermined k number of medoids -objects from the dataset that represent the structure of the data -and associating all observations to the nearest medoid. The algorithm minimizes the sum of the squared Euclidean distances within the determined k number of groups (clusters). The number of clusters, k, was assessed by performing the clustering with diverse values of k, from 4 to 9 using the NbClust function (NbClust R package; [START_REF] Charrad | NbClust: An R Package for Determining the Relevant Number of Clusters in a Data Set[END_REF]. A pre-selection of k clusters was performed on a subsample of 10000 random raster"s cells due to the difficulty of processing the ~20 millions of cells contained in the rasters, and evaluating the performance of the classification with the Silhouette approach. Silhouette approach indicates the consistency between cells in a cluster and how differentiated they are from other clusters. Furthermore, visual inspection of the cells classification in the raster map was performed to select the final k number. This is, we looked for a compromise between the number of clusters and a good differentiation of small-scale structure, i.e, diverse features such as crevices. Finally, the kmeans function (vegan R package; Oksanen et al. 2020) was applied to the entire dataset and the resultant classification was used to construct a raster map of topographic microhabitats, with the same resolution of the original selected terrain attributes (5 x 5 cm).

Results and discussion

Characterizing slope and orientation conditions among East and 2.4.1

West shores available habitat

The group of available microsites (all available surface area between 0 and 8 m height above LAT) presented a wide variety of conditions, covering all the possible combinations of slope-orientation, except for slopes higher than 80 degrees (Figure 2.4A). Most of the available microsites in the West were oriented to the south and southeast, whereas in the East shore microsites were mostly oriented to the northwest and southeast (Figure 2.4A). There was a particularly higher proportion of microsites with low to mid slope (slope ≤ 40°) in both shores (87.94% and 92.87% in the West and East, respectively; Figure 2.4B). Such differences in the proportion of area with particular orientation between West and East shores determined some differences in the proportion of area with particular topographic microhabitats, which are discussed in section 2.3.3. Topographic microhabitats types 2.4.2

The higher variance was contained at 5 x 5 cm resolution for most of the attributes and at 10 x 10 and 100 x 100 cm in the case of TRI and TPI and at 100 x 100 cm for roughness. We included roughness and TPI at 100 x 100 cm resolution and the TRI at both resolutions because they can represent different topographic features (Figure 2.5): TRI at 10 x 10 cm can represent the variation of bathymetry at small-scale and for instance indicates the presence of crevices, whereas at 100 x 100 cm can represent the presence of abrupt changes such as rock margins. TPI, TRI and roughness (at 100 x 100 cm resolution) were rescaled to the 5 x 5 cm resolution in order to have the same resolution of cells for all the rasters, i.e., a value of each terrain attribute in each cell. Thus, the final topographic habitats distribution was 5 x 5 cm resolution.

Eight topographic microhabitat types were identified based on the clustering analysis, whose main characteristics are summarized in Table 2.1. The habitat types differed mainly on their orientation, slope, and heterogeneity represented by roughness, TRI and TPI. There were two main groups: one group representing areas of plan or homogeneous surface and particular orientation, i.e., with lower slope and heterogeneity (habitats 2, 3 and 7), and a second group representing heterogeneous areas, i.e., with higher roughness etc. ( habitats 1, 4, 5, 6 and8) (Table 2.1, Figure 2.6). Topographic microhabitats in the first group differed mainly in their orientations and are generally present in the top of rocks or boulders (Figure 2.6).

Topographic microhabitats in the second group differed in their degree of heterogeneity, with two general subgroups; one with higher heterogeneity formed by microhabitats 1, 4 and 6, and other characterized by lower heterogeneity formed by the 5 and 8 (Table 2.1,Figure 2.6 

Topographic microhabitats distribution

2.4.3

The mosaic distribution of topographic microhabitats is presented in Figure 2.7. Some differences between the two rocky shores were linked mainly to their respective general orientation and tridimensional structure. For instance, the proportion occupied by microhabitat characterized by an orientation to the Northwest -microhabitat 2 -(Figure S2.1)

was almost 10% higher in the East shore, which presented a higher proportion of area oriented to the Northwest (Figure 2.4). Similarly, the topographic microhabitats with main orientation to the East -Southeast, microhabitat 7 and 8 (Figure S2.1), represented a higher proportion of area in the west shore, which had a high proportion of area oriented to the Southeast. Despite those differences, the same topographic microhabitats dominated in both shores, microhabitats 2, 3, 5, 7 and 8 (> 10% of available rocky substrate) (Figure 2.8A-B).

Similarly, microhabitat 1 was the most restricted in both shores ( restricted areas with very high slope, i.e., almost vertical surfaces. These differences highlighted how the availability of areas with particular topographic conditions will depend on the tridimensional structure of the rocky shore.

Potential approach limitations 2.4.4

It is important to consider that the construction of a DEM based on images allows to capture the presence of small-scale topographic features, such as crevices, bigger than 1cm only if they are exposed i.e., without organisms above the surface such as algae or mussels for instance. Then, small crevices could not be identified where large patches of mussels cover the area of Le Petit Minou. Despite that, mussel in Le Petit Minou are distributed in a monolayer and, thus, we consider that it does not affect the other terrain attributes considerably, e.g. orientation. Higher limitations associated with this approach could occur in areas where mussels form hummocks, which considerably change the surface structure. We have performed exploratory analyses for identifying the structure created by mussels using a DEM of 0.4 cm cells resolution (obtained from an extra drone survey at ~ 15 m altitude; data not shown) and preliminary results allowed the differentiation of roughness created by mussels" aggregations. Further studies should explore how mussels" aggregations could modify the surface represented here, and if their presence could cause a potential underestimation of real rock substrate features such as crevices.

Conclusion

This chapter provided a novel approach for characterizing the topographic habitats at a small spatial scale. The cluster classification method used seems to be an effective and relatively simple for classifying topographic habitats. Furthermore, the topographic microhabitats distribution in Le Petit Minou is fundamental for further evaluation of the effect of combined terrain attributes on the distribution and dynamics of benthic species.

Since the topographic microhabitat types do not consider the intertidal height in their definition, they are useful for analyzing the distribution of species independently of the effect of intertidal height on it. As mentioned in the introduction to this chapter, the typology of microhabitats can be a determining factor in the spatial structuring of heat stress and in the distribution and dynamics of species. This chapter gave the baseline characterization of topographic microhabitats distribution and its role on the distribution dynamics of temperature conditions and mussel in Le Petit Minou will be tested in the next chapters.  Mesoscale orientation determines differences in annual daily average and extreme temperatures of rocky shores with contrasted orientations.

Introduction

The temperature is one of the main factors determining ectotherm organismal metabolic rates and affecting their performances and behaviour [START_REF] Hofmann Null | Evidence for protein damage at environmental temperatures: seasonal changes in levels of ubiquitin conjugates and hsp70 in the intertidal mussel Mytilus trossulus[END_REF][START_REF] Dahlhoff | Physiology of the Rocky Intertidal Predator Nucella Ostrina Along an Environmental Stress Gradient[END_REF][START_REF] Helmuth | Microhabitats, Thermal Heterogeneity, and Patterns of Physiological Stress in the Rocky Intertidal Zone[END_REF][START_REF] Tomanek | Interspecific-and acclimation-induced variation in levels of heat-shock proteins 70 (hsp70) and 90 (hsp90) and heat-shock transcription factor-1 (HSF1) in congeneric marine snails (genus Tegula): implications for regulation of hsp gene expression[END_REF][START_REF] Lesser | Physiological response of the blue mussel Mytilus edulis to differences in food and temperature in the Gulf of Maine[END_REF]. Thus, representing the thermal conditions is fundamental for evaluating ectotherm individuals and population dynamics. The thermal conditions at scales of centimeters (microscale) along intertidal rocky shores have been addressed by exploring punctual measurements of temperature in specific contrasted areas, i.e., microsites at centimeters scale-(e.g., [START_REF] Helmuth | Microhabitats, Thermal Heterogeneity, and Patterns of Physiological Stress in the Rocky Intertidal Zone[END_REF], Helmuth et al. 2006, Denny et al. 2011[START_REF] Scrosati | Half-hourly changes in intertidal temperature at nine wave-exposed locations along the Atlantic Canadian coast: a 5.5-year study[END_REF]. Studies showed that the temperature varies at small spatial scale and time [START_REF] Wethey | Biogeography, Competition, and Microclimate: The Barnacle Chthamalus fragilis in New England[END_REF], Denny et al. 2011), and different microsites can display differences of about 15°C [START_REF] Helmuth | Microhabitats, Thermal Heterogeneity, and Patterns of Physiological Stress in the Rocky Intertidal Zone[END_REF]. Even microsites with similar topographic conditions of orientation and slope have still shown average differences from 1.1 to 2.64°C, and maximum differences of 1.87 to 4.42°C [START_REF] Wethey | Predicting intertidal organism temperatures with modified land surface models[END_REF]. Thus, real spatial variability cannot be fully evaluated without a spatially-explicit approach (see discussion in Denny et al. 2006).

Spatial temperature heterogeneity is mainly determined by the effect of wind, solar radiation, humidity, and heat exchange with ground surface, i.e., microclimate conditions.

Wind and solar radiation can be modified by the topographic structure, e.g., a hill or cliff modifies or limits direct solar radiation as well as wind speed. The interaction between wind and topography becomes more important at mesoscale (from meters to kilometers) [START_REF] Geiger | The Influence of Topography on the Microclimate[END_REF][START_REF] Maclean | Fine-scale climate change: modelling spatial variation in biologically meaningful rates of warming[END_REF], although wind shelter could also change due to microscale topography. Furthermore, the interaction between topography and solar radiation is fundamental at microscale (centimeter to meters). [START_REF] Suggitt | Habitat microclimates drive fine-scale variation in extreme temperatures[END_REF] highlighted the importance of incorporating the microclimatic effect of topography to downscale environmental conditions when addressing the ecological effect of such conditions and particularly in a climate change context.

In intertidal rocky-shore areas, contrasted temperatures were generally registered between north and south facing surfaces [START_REF] Helmuth | Microhabitats, Thermal Heterogeneity, and Patterns of Physiological Stress in the Rocky Intertidal Zone[END_REF], Seabra et al. 2011, Denny et al. 2011). Diverse studies mapped the temperature at scales of centimeters by using infrared thermal cameras for addressing its spatial variability (e.g., [START_REF] Meola | Recent advances in the use of infrared thermography[END_REF][START_REF] Scherrer | Infra-red thermometry of alpine landscapes challenges climatic warming projections[END_REF][START_REF] Chapperon | Keeping warm in the cold: On the thermal benefits of aggregation behaviour in an intertidal ectotherm[END_REF][START_REF] Van Alstyne | Estimating variation in surface emissivities of intertidal macroalgae using an infrared thermometer and the effects on temperature measurements[END_REF][START_REF] Lathlean | Infrared thermography in marine ecology: methods, previous applications and future challenges[END_REF][START_REF] Faye | Does heterogeneity in crop canopy microclimates matter for pests? Evidence from aerial high-resolution thermography[END_REF][START_REF] Lathlean | On the edge: The use of infrared thermography in monitoring responses of intertidal organisms to heat stress[END_REF]. [START_REF] Faye | Does heterogeneity in crop canopy microclimates matter for pests? Evidence from aerial high-resolution thermography[END_REF] characterized the spatiotemporal heterogeneity of crop canopy temperatures at fine scale with aerial infrared thermography, showing how canopy might provide suitable thermal habitats for species under global change conditions. Yet, long-term studies with both small-scale representation (i.e., high resolution) at hundreds of meters of covered area are limited (e.g., at 1 meter resolution; [START_REF] Sears | Configuration of the thermal landscape determines thermoregulatory performance of ectotherms[END_REF]).

To our knowledge, the first study mapping the temperature of a species in an intertidal rocky shore (hundreds of meters squares) by predictions considering the topography effect at centimeters resolution was presented by Choi et al. (2019). They predicted the body temperature of mussel using a heat flux model and considering microscale spatial heterogeneity for downscaling solar radiation based on the topographic structure. Although it represents an important improvement to map temperature on a spatially-explicit basis, downscaling other factors such as wind and considering the effect of mesoscale topography should improve microclimate predictions [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]. The present study attempts to incorporate these aspects, i.e. meso and micro-scale effect of topography for downscaling both solar radiation and wind speed, for predicting the intertidal microclimate distribution in an intertidal rocky shore. To do that, a new approach developed by [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF], which forecast weather conditions at a small scale was applied. [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]" microclima model considers the topographic effect on wind and solar radiation at both mesoscale and microscale to determine local temperature, which allows a spatially-explicit representation of microclimate. Microclima model is available in an R package (microclima; [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]) and allows estimating the temperature in a high spatial and temporal resolution defined by a digital elevation model (DEM) of the area of interest [START_REF] Kearney | NicheMapRan R package for biophysical modelling: the microclimate model[END_REF][START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF].

The spatial resolution of micro-scale effect of topography is possible by using topographic structure representations, i.e., digital elevation models (DEMs), which are relatively easy to obtain due to remote sensing methods such as drone images analyses, leading to a more realistic representation of microclimates [START_REF] Zellweger | Advances in Microclimate Ecology Arising from Remote Sensing[END_REF]. Here, we combine the use of drone images analyses to obtain a high-resolution DEM with microclima predictions and the tidal water dynamics to predict the hourly temperature along the intertidal zone. The main goal was to improve the representation of temperature conditions in an intertidal environment, hereafter called "intertidal microclimate" and evaluate potential differences between West and East shore in Le Petit Minou, as well as understand how spatial -intertidal height -and temporal factors constrain their temperature dynamics and distribution. To do that, I have first developed and evaluated a model taking into account the immersion and emersion periods based on the aerial conditions predicted by microclimate and the water temperature, respectively. Second, I applied the model in both rocky shores, and derived temperature metric layers that characterize the intertidal temperature of the area during a year. The hypothesis was that the contrasted mesoscale orientation of the two rocky shores and their small-scale topography determine differences in intertidal microclimate conditions between them, particularly during low tide, i.e., due to contrasted direct solar incidence between the West and East shores. Finally, to complement the analysis of the intertidal habitat conditions, the relationship between temperature conditions and a set of topographic microhabitat types (determined in Chapter 2) along the intertidal height gradient was evaluated. The results constitute the baseline information for evaluating the effect of abiotic habitat conditions in the distribution and dynamics of a benthic species (see next Chapter).

Methods

The workflow is presented in Figure 3.1. First, we developed an intertidal microclimate model to predict the hourly intertidal microclimate temperature (Figure 3.1, step 3.3.1). Although there were no field measurements of temperature from Le Petit Minou to assess predictions accuracy, we assessed the model accuracy by applying the approach to a site from where hourly measures of substrate temperature were available (Seabra et al. 2011(Seabra et al. , 2015; data available thanks to R. Seabra and F. Lima). Predictions assessment consisted in comparing predicted air temperature and observations of substrate temperature at contrasted microsites (centimeters scale), particularly: "cold" and "hot" microsites at different intertidal heights (Figure 3.1,step 3.3.2). Then, we applied the model in Le Petit Minou (Figure 3.1, step 3.3.3) and derived temperature metric layers characterizing the annual temperature (Figure 3.1,step 3.3.4). Finally, we overlapped the topographic microhabitat types described in Chapter 2 with the temperature metrics distribution and evaluated their potential relationships (Figure 3.1, step 3.3.5). By comparing both, topographic and thermic habitat conditions we intend to see how complementary they are to characterize the potential intertidal habitat and if particular temperature extremes occur in particular topographic microhabitats. 

Downscaling climate conditions to predict temperature at emersion time

The microclima runauto function for estimating the air temperature first performs a mesoscale downscaling of air temperature, solar radiation and wind speed considering the effect of topography (Figure 3.2). This is, differences between air temperature of reference (from meteorologic station) and local air temperature are derived by accounting for: the meso-scale effect of topographic slope, orientation, shading and sky-view factor on radiation (Figure 3.2A), and for the topographic effect on wind speed i.e., sheltering [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]. Mesoscale topography was specified by a DEM at 30 m resolution available in Amazon Web Services (AWS) (downloaded with get_dem function; microclima R package; [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]; Table 3.1 Assessing the accuracy of the model 3.3.2

Strategy of comparison between predictions and observations

The intertidal microclimate model accuracy was assessed by comparing results of predicted temperature above the substrate during exposure and immersion periods with real measurements (observations) of substrate temperatures from the field. Observations constituted measurements of substrate temperature from Landunvez (lat. 48.546321, long. -4.746788, Figure 3.3) (Seabra et al. 2011(Seabra et al. , 2015)). We predicted the intertidal microclimate in the Landunvez site from 2015-01-01 to 2015-10-01. The measurements of temperature corresponded to replicated data loggers (between 1 to 3) from different microsites made available by Rui Seabra and Fernando Lima (Table 3.2). Temperature loggers were "robolimpets" mimicking real limpets, which present temperatures significantly similar to rock. The loggers were constituted "of a lithium battery powering the circuit board extracted from a DS1922L iButton (Dallas Semiconductor), embedded in a waterproof resin (3M Scotchcast 2130 Flame Retardant Compound), and placed inside an empty Patella spp. shell" (Seabra et al. 2011). Microsites were classified as cold (generally shaded) and hot (generally sun-exposed) areas at three different intertidal heights: top, middle and low. The description of loggers positioning criteria was detailed in Seabra et al. (2011), which specified that "Lowintertidal" loggers were positioned "at the upper limit of the red algae belt, horizontally aligned with the lower distributional limit of Patella ulyssiponensis Gmelin, 1791". "Midintertidal" loggers were "in the zone dominated by mussels (Mytilus sp.) and barnacles (Chthamalus spp.)", and "Top-intertidal" loggers were "close to the lower limit of the black lichen Lichina pygmaea (Lightfoot), at the upper limit of the distribution of P. vulgata and P. rustica".

The intertidal microclimate results of Landunvez were used to extract the temperature time series from cells with similar terrain attributes as the geographical position of loggers, i.e., for representing the similar type of microclimate conditions of each microsite. The selection of cells to be extracted was based on the intertidal height, slope and orientation of real logger positions following the criteria for logger positioning described in Seabra et al. (2011). Hot microsite cells represented areas generally exposed to the sun, i.e., with south facing orientation and relatively high slope in the case of top and low, whereas hot at mid intertidal represented more horizontal surfaces (attributes based on a 100 cm resolution DEM, Table 3.2). Cold microsite cells represented generally shaded areas, i.e., with north facing orientation and relatively high slope (vertical) (Table 3.2). Exact values of filtering criteria are described in Table 3.2. The number of predictions corresponded to the number of cells filtered, which resulted in a variable number of predicted replicates per microsite type (Table 3.2, Figure 3.3). Then, the validation consisted in a comparison between predictions and observations. Table 3.2 Summary of number of replicates of observations and predictions and the criteria for selecting prediction cells used in the assessment of the accuracy of the intertidal microclimate predictions. Orientation takes values from 0 to 360, counterclockwise, with 0° (=East), 90° (North), 180° (=West), 270° (=South) (trigonometric angle calculated in QGis raster analysis tools). Substrate temperature during immersion can be considered to reach the same temperature of the water (although the heating and cooling velocity may differ), whereas the substrate temperature is generally higher than above substrate air temperature (Denny et al. 2006). Hence, comparing substrate temperature with the predicted intertidal microclimate should give a proxy of the accuracy of the general predicted temporal dynamics, i.e., support the validity of predicted seasonal dynamics, and spatial variability. We expect to 1) observe lower predicted temperatures in relation to the observed temperatures during periods with exposure to sun due to heating velocity differences between air and substrate, 2) similar temporal dynamic pattern, and 3) similar spatial heterogeneity, i.e., differences among microsites.

Microsites

Input data of Landunvez microclimate predictions

We applied the runauto R function (described in the section 3.3.1) with meteorologic conditions from MeteoFrance and from NOAA-NCEP reanalysis (Table 3.1) at the site coordinates. Cloud cover was estimated for the site-specific coordinates (see details in Table 3.1). The DEM used for accounting for microscale topographic effects had a resolution of 100 x 100 cm and was coproduced by IGN and SHOM and available on https://diffusion.shom.fr/pro/risques/altimetrie-littorale/litto3dr-finistere-2014.html. Input water temperature was extracted from satellite observations data at 0.05-degree spatial resolution from the closer cells to Le Petit Minou provided by GHRSST, Met Office and CMEMS (https://resources.marine.copernicus.eu/products).

Predictions and observations comparison

We evaluated the accuracy of prediction on an hourly and daily basis in order to assess the punctual predictions accuracy as well as the capacity of representing daily temperature metrics, which are generally used in ecological studies. We first performed a visual comparison between predictions and observations to assess the concordance of daily patterns and, on a daily basis, the seasonal pattern and between days variability. There were between 5 and 20 "replicates" for predicted microsites, whereas replicates of observations varied between 1-3 depending on the microsite type, thus, no pairwise comparisons were possible.

Then, we assessed the concordance between predictions and observations from each microsite type along the year with: i) Linear regressions between the averaged observations and averaged predictions, which gives the general agreement between predictions and observations, Error (E n ) of each predicted hour and ME (over a year) were calculated as:

∑ RMSE between a replicate of prediction and average observations was calculated as:

√∑

where N is the total number of observations and predictions compared. Then we presented the mean and SD of the ME and RMSE of the group of predictions per microsite type.

iii) Taylor diagrams were performed to compare the agreement between each replicate prediction (cells) and the average observations from each microsite type. Taylor diagrams represent a "statistical summary of how well patterns match each other in terms of their correlation, their root-mean-square difference (RMS difference), and the ratio of their variances" [START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF]. We have to point out that the RMS difference in the Taylor diagram differs from the RMSE defined before because it does not consider the overall bias, since any overall bias is removed before the calculation.

√ ∑[ ̅̅̅̅̅ ) ̅̅̅̅̅̅̅ ]

Hourly predictions accuracy was assessed by considering each prediction and replicates. In addition, we calculated ME and RMSE considering only emersion periods to evaluate the particular accuracy of predictions from the microclima package.

Accuracy of daily predictions was evaluated using temperature metrics that characterize the entire day's temperature dynamics. Using metrics allows for more objective validations since differences between predictions and observations could result due to temporal mismatches when comparing each hour temperature. Temporal mismatches between hourly predictions and observations are likely more frequent than when comparing daily temperature due to the higher variability of temperature between hours. Five metrics were calculated: daily mean, daily maximum, daily minimum, and daily standard deviation (SD).

Then, correlation analysis, Taylor diagrams, ME and RMSE were calculated for each predicted replicate of daily mean, maximum, minimum and SD in relation to the average observation metrics. Finally, we presented the mean and SD between replicates, as for the hourly basis comparison.

Applying the model to characterize the intertidal microclimate in Le 3.3.3

Petit Minou

We evaluated the intertidal microclimate distribution in Le Petit Minou site, which presents two rocky shores with contrasted orientation (see details in the Study site section from Chapter 1), as the spatial and temporal variability of above substrate temperature at a cell resolution of 20 x 20 cm. This resolution was chosen instead of the maximum resolution of the DEM (1 x 1 cm) due to the high time consuming and computing capacity demand. The selected resolution of analysis allowed us to characterize relatively small microhabitat conditions and consider the high variability in temperature during the emersion periods (low tide). We estimated the hourly intertidal microclimate condition for an entire year, from 2019-01-01 to 2020-01-01.

Input dataset

Most environmental variables were obtained from the MeteoFrance station at "Brest Guipavas" (from where all variables were available), whereas wind speed and direction were measured at "Plougonvelin" (Figure S3. 

Characterizing the intertidal temperature in Le Petit Minou

Annual temperature conditions between January 2019 and December 2019 were summarized to represent the most important aspects of its dynamics over a year. Several temperature metrics were calculated: average daily mean, average daily maximum, extreme maximum, average daily minimum, extreme minimum and average daily standard deviation. For their calculation, the hourly gridded time-series were summarized to gridded daily temperature metrics. Then, spatial daily temperature metrics were summarized by month to finally represent the annual gridded temperature metrics (Figure 3.4). Annual temperature metrics were represented in the space (raster layers) to evaluate their spatial distribution and histograms of frequency were performed to characterize their distribution over the intertidal height gradient. Finally, to compare the average spatial distribution of each metric between shores, a summary per shore was obtained using the exact_extract function (exactextractr R package; Baston 2021). 

Relating topographic and microclimate habitat conditions in Le Petit

Minou

In order to evaluate the relationship between the topographic microhabitat types identified in Chapter 2 and the temperature conditions, temperature metrics were assessed in each topographic microhabitat from West and East shore, separately. The separation of shores was intended to split the effect of terrain attributes of topographic microhabitats from a potential mesoscale effect of the general orientation of each shore. Raster layers of the six-temperature metrics were overlapped with the topographic microhabitats layer and all the information was merged using QGis and exported as a ".csv" file. Then, boxplots were performed to explore their relationship in both rocky shores. 

Results

Predictions accuracy

Prediction accuracy of hourly temperature

In general, the predicted hourly temperatures were in concordance with the observations, with a mean annual underestimation of observations, but underestimation and overestimation of minimum and maximum temperatures varied between microsite types (Figure 3.8, Table 3.3).

Correlations indicated that annual maximum temperatures were generally underestimated in hot microsites whereas overestimated in cold microsites, at all intertidal heights (Figure 3.8).

Similarly, annual minimum temperatures were underestimated in all cold microsites (Figure 3.8), whereas overestimated in hot microsites. Some underestimations of observed temperatures in cold and hot microsites at mid and low intertidal presented a linear trend due to predictions with temperatures similar to water temperature where observations were higher than these values. This seems to be related with the concordance between the predicted time of transition from immersion to emersion and the observed transition of phases. That is, predicted microsite temperatures corresponded to water temperatures (predicted values around 10-15°C) when they were already in emersion according to observations (observed temperatures > 15°C; Figure 3.8), as previously indicated in Figure 3.5, Figure 3.6 and Figure 3.7. Therefore, in microsites where mismatch between predicted and observed transition from immersion to emersion was high, the predictions accuracy variability was higher (lower R 2 and higher RMSE; Figure 3.8, Table 3.3), although their RMS difference did not particularly vary with respect to other microsite types (Figure 3.8). Between the cold and hot microsites with phase transition mismatch (in low and mid intertidal), hot microsites presented the higher mismatch (lower R 2 and higher RMSE) compared to cold microsites (Figure 3.8, Table 3.3). The Taylor diagrams results were in concordance with the results from correlations and ME and RMSE. Besides, Taylor diagrams showed higher variability among predictions than among observations, yet good concordance between predictions and observations (Figure 3.9). The underestimation of maximums and overestimation of minimums, i.e., negative and positive errors, respectively, cancel each other when calculating the ME, thus decreasing the annual ME (Table 3.3; monthly ME was mainly negative during winter and positive during summer, particularly in the top intertidal microsites; Figure S3.2). The magnitude of MEs was less than 1°C, with negative values indicating a general underestimation with respect to observations (Table 3.3). When considering the entire intertidal cycle, i.e., including immersion and emersion periods, ME varied between -0.02 to -0.91, and the highest ME was observed in top intertidal hot microsites. ME and RMSE were higher when considering only the emersion period (ME between 0.02 to -1.14) than when considering immersion and emersion periods together in all microsite types. In particular, ME and RMSE in low and mid intertidal microsites did not differ considerably during emersion period than in the entire tidal cycle, whereas higher ME and RMSE occurred regarding emersion period in low intertidal microsite in comparison with the entire intertidal temperature dynamics (Table 3.3). 

Daily temperature metrics concordance between predictions and observations

On a daily basis, all metrics showed the same seasonal trend between predictions and observations in the cold and hot microsites in low, mid and top intertidal (Figure 3.10, Figure 3.11 and Figure 3.12). The comparison of mean, maximum and minimum daily temperatures showed an overall good concordance between predictions and observations, whereas a lower performance was observed in predicted daily minimum and standard deviation (Figure 3.13, Taylor diagrams; Table 3.4).

Daily mean and minimum predictions were generally lower than the observations (negative ME) in all microsite types, but predicted daily maxima relative to observations varied between cold and hot microsites (Table 3.4), as observed in the hourly basis analysis presented before. Regarding the daily mean, predictions were generally within <1°C of the daily mean observed in all microsites, with the highest ME in the top intertidal hot microsites (ME = -0.90°C; Table 3.4). ME of daily mean were generally lower in the cold microsites than the hot microsites (in mid and top intertidal), and increased from low to top intertidal, i.e., accordingly with the higher emersion time throughout the top intertidal. Predicted daily maxima were higher than observed in cold microsites and lower than observed in hot microsites, independently of the intertidal height (Figure 3.10, Figure 3.11 and Figure 3.12, Table 3.4). This is, hot temperatures were overestimated and underestimated in cold and hot microsites, respectively (Table 3.4). In contrast, daily minimum ME was relatively homogeneous between cold and hot microsites (between -1.17 to 2.43°C ME), presenting the highest ME respect to the other temperature daily metrics. The underestimation of minimum temperatures increased through the top intertidal (Table 3.4). In the case of daily SD, ME was lower than 1.62 in all microsite types, with higher ME in the cold microsites in the mid and top intertidal, and in the hot microsites in the low intertidal (Table 3.4).

The precision of predicted daily metrics with respect to average observations varied in the following order from higher to lower precision, i.e., from lower to higher RMSE (Table 3.4): daily SD > daily mean > daily minimum > daily maximum. Among microsite types, the RMSE showed an increase of variability of daily mean and SD predicted respect to observed from low to top intertidal (Table 3.4). Daily maximums in hot microsites were more variable (lower precision) compared with predictions at cold microsites (Table 3. Daily minimums were more variable at mid intertidal than at low or top intertidal microsites, particularly at hot microsite type, which is in concordance with the results of mismatch of phase transition at such microsite type (Table 3.4). In addition, the Taylor diagrams showed that variability among observations was higher regarding the daily maximum temperature and daily SD, whereas daily mean and minimums did not vary considerably (Figure 3.13). Each dot corresponds to the mean of observations at each day (for detail on the number of replicates see Table 3.1). Each dot corresponds to the mean of observations at each day (for detail on the number of replicates see Table 3.1). Simulated temperature conditions in Le Petit Minou 3.4.2

The general monthly dynamics of "mean spatial" predicted intertidal temperature during 2019 showed a daily average between c.a. 12 and 14°C, with 2.5 to 4°C of standard deviation depending on the month (Figure 3.14, Table S3.1). The mean extreme maxima (33.66°C in the West and 33.62°C in the East) and minima (-0.95°C in the West and -1.12°C in the East) occurred during exposure in June 2019 and January 2019, respectively (Figure 3.14). During 2019, the higher average daily maximum (23.33°C in the West and 23.36°C in the East) was in July whereas the extreme maximum was earlier in June. Regarding the average minimum temperature, the lowest was predicted in January (6.47°C in the West and 6.31°C in the East) and coincided with the predicted lowest extreme minimum. In terms of annual basis predicted temperature metrics, West and East shores presented small spatial mean differences depending on the metric (Table S3.1). Nevertheless, temperature metrics distribution presented a gradient along the intertidal height, with variable differences depending on the shore and height (Figure 3.15, Figure 3.16 and Figure 3.17).

Spatial mean daily temperature average was 12.75 and 12.68°C in the West and East shore, respectively (Figure 3.15A, Table S3.1). Daily average increased through the low intertidal (Figure 3.15A) and was always higher in the West shore, independently of the intertidal height. Daily SD (temperature variability) was about 3.23 and 3.42°C in the West and East, respectively (Figure 3.15B, Table S3.1), with some higher difference between shores only in the lower intertidal, at 2 m above the LAT (Figure 3.15A-B). Contrary to daily average, daily SD increased through the top intertidal (Figure 3.15B), i.e., higher intertidal showed lower predicted daily average but more variable temperatures at same intertidal height.

There was a high difference between the higher and lower limits -range of values -of predicted average daily maximum and extreme maximum (Figure 3.16A and B, respectively), as well as between daily minimum and extreme minimum (Figure 3.17A and B, respectively), with about 18 and 10°C of difference, respectively (spatial mean; Table S3.1). The extreme maximum presented the highest spatial gradient along the intertidal gradient (19°C -36°C) compared with the other metrics, with higher temperatures generally at higher intertidal height (Figure 3.16B, Table S3.1). The average daily maximum temperature was higher in the West than in the East, with this difference increasing with increasing intertidal height (Figure 3.16A, histograms). Conversely, the mean extreme maximum was higher in the East, particularly between 4 to 6 m height (Figure 3.16B, histograms). Finally, there were some differences between predicted in the average of daily minimum and extreme minimum temperature between shores in the lower intertidal only, being lower in the East shore (Figure 3.17C-D). 

Temperature and topographic microhabitats conditions in the Le

Petit Minou

The above described patterns of decrease in temperature average and increase of SD along the intertidal height gradient were observed in all topographic microhabitats, in both

West and East shores. Similarly, all metrics related to high (i.e., av. daily maximum, extreme maximum and quantile 95 % of maximum) or low (i.e., av. daily minimum, extreme minimum and quantile 95 % of minimum) temperatures showed similar patterns of increase or decrease along the intertidal height gradient, respectively, in all topographic microhabitats.

Particularly, average daily maximum presented a boundary around 4 m above LAT in the West shore (Figure 3.18A). Similarly, extreme maximum presented a boundary around 3 m above LAT in the both shores (Figure 3.18B).

Particular differences between topographic microhabitats were observed in the extreme maximum and 95-percentile maximum temperature, with differences of about 1°C, and in the maximum average in the top intertidal in both shores, differences of about 0.6°C (Figure 3.18A-B), whereas no particular differences seem to occur regarding other temperature metrics (Figure S3.3). Concerning these maximum temperature metrics, some differences were observed among topographic microhabitats depending on the shore, with higher variability between topographic microhabitats in the East shore compared with the West. The more contrasted topographic microhabitats were the microhabitats 1 and 6, compared with microhabitats 3 and 8 (Figure 3.18). Furthermore, the higher average maximum temperature but lower extreme maximum predicted in the West in comparison with the East was independent of the topographic microhabitat. 

Discussion

The developed method for predicting the spatially-explicit intertidal microclimate allowed us to simulate the hourly temperature considering both the immersion and emersion periods according to the water height dynamics, representing the spatial heterogeneity of a site.

Predicted temperatures were in concordance with observations, indicating a good representation of the high spatial variation among microsites (in Landunvez). Here, the novelty was the inclusion of not only microscale topography effect, but also mesoscale topography effect on solar radiation, as well as in wind speed for predicting above ground air temperature. Wind speed can change the velocity of heating and cooling of the substrate and organisms, being an important factor in the microscale temperature distribution (e.g., [START_REF] Helmuth | Thermal Biology of Rocky Intertidal Mussels: Quantifying Body Temperatures Using Climatological Data[END_REF]. Besides, the predicted intertidal microclimate in Le Petit Minou highlighted the complex effect of topographic orientation depending on the season, particularly for determining extreme maximum temperature events. Finally, the comparison of temperature metrics between topographic microhabitat types showed the unrelated temperature signatures between them, except for the ones with a marked and contrasted orientation and slope. A detailed interpretation of intertidal microclimate in Le Petit Minou during 2019 is discussed, as well as potential improvements and limitations of the model and its application in other sites.

Characterizing the intertidal microclimate conditions in Le Petit

Minou

Independently of the shore, and contrary to the intuitive thinking, extreme maxima and monthly average maximum occurred during different months, during June 2019 and July 2019, respectively. Average maximum temperature represents the mean of all days in the month whereas the extreme maximum indicates the mostly rare event in the year that reaches the highest temperature. The first is important for the species energetic balance, whereas the second must be more important in terms of acute thermal stress and potential mortality events depending on the tolerance of species (e.g., [START_REF] Tsuchiya | Mass mortality in a population of the mussel Mytilus edulis L. Caused by high temperature on rocky shores[END_REF], Harley 2008). Regarding the minimum temperatures, the lower average daily minimum and the extreme minimum were in February, i.e., coincided during 2019, but exploratory analyses indicated that they differed during 2020 (data not shown). The potential variations in the timing of maximum and minimum values of metrics between years suggest a high interannual variability and the interest of measuring both metrics, particularly if we are interested on an intra-annual time scale (see next Chapter).

Annual intertidal microclimate predictions showed some small but potentially important differences between shores. The general orientation through the South of the West shore may allow a more direct solar exposure (angle of solar incidence with respect to the substrate of the shore) during the period of warmer conditions relative to the East shore (with main orientation to the West). This could partially explain the higher average maximum temperature in the West. Nevertheless, within-shore variability suggested that microscale terrain attributes and their distribution in each shore could better explain the spatial differences. Spatial differences were evident along the intertidal gradient and between microsites along a horizontal distribution in both shores. Hence, small-scale substrate orientation and angle respect to a planar area (slope) could also drive the observed within-site spatial variability. This is not surprising since orientation and slope determine the solar incidence and wind share velocity. A between cells comparison of both topographic attributes would shed light on the observed differences between and within shores.

In contrast to the pattern of average maximum temperature, the extreme maximum temperatures were higher in the East than in the West. This highlighted the potential effect of not only microsite orientation and slope, but also the effect of the combined conditions of: low tide or emersion, high solar radiation and slow wind velocity. Such conditions can occur even in spring at not maximum air temperatures. In contrast with observations elsewhere about maximum temperature occurring in south oriented microsites (Seabra et al. 2011, Denny et al. 2011), the maximum temperatures were likely predicted in not only southeast but also northwest facing microsites from the East shore (Figure 3.19; see results from How to improve the predictions? Lessons from a field assessment of 3.5.2

microclimate predictions

The absolute values of predicted temperature showed a good concordance of hourly temperature in most of the analyzed microhabitats. Predictions also showed a good concordance of daily mean but underestimation and overestimation of daily maximum and minimum was observed in cold and hot microhabitats, respectively. Daily maximum and daily minimums generally occur during emersion periods, and their lower concordance with observations is coherent with the higher difficulty of predicting them with the microclima package. Besides, the underestimation in cold microhabitats should be related to the smoothed topography, which do not represent the real conditions of almost vertical surface of cold microsites, whereas an underestimation in sun-exposed microhabitats can be expected since soil substrate accumulates heat more than the air (e.g., Denny et al. 2006).

Local temperatures in the intertidal area are extremely highly variable and the observed underestimation of daily maximum is in concordance with other published models [START_REF] Wethey | Predicting intertidal organism temperatures with modified land surface models[END_REF]. For instance, our model maximum predictions presented lower bias respect to the NOAH mussel model of [START_REF] Wethey | Predicting intertidal organism temperatures with modified land surface models[END_REF], showing a maximum mean underestimation of 1.58 ± 1.15°C (in the top intertidal hot microsites, Table S3.1) compared to underestimations from 1°C to 3°C of the NOAH mussel model. Contrary, the minimum temperatures during low tide and night were overestimated in our model, i.e., lower predicted temperatures than observed. As highlighted by [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF], microclima package" model do not account for the "heat exchange between the soil near-ground air layer and heat storage in the soil" when estimating the above ground temperature, which could explain some differences between our predictions and observations during emersion. For instance, some differences in daily minimum were likely associated with bias in the estimations of mechanisms of horizontal heat transfer, which does become important at high resolution (Maclean personal communication). Extreme minimum predictions presented increasing bias at increasing topographic resolution based on previous tests we performed (5 x 5 cm resolution; data not shown). Thus, caution should be taken regarding the daily minimum temperature predicted, particularly during autumn and winter months.

Some bias in the predictions were likely linked to mismatch in predicted and observed transitions from immersion (predicted as water temperature; ~ 15°C, in summer) to emersion phases. It is worth mentioning that the transition between immersion and emersion and viceversa was determined based on observed measures of water height some kilometers away from the study site and, thus, do not consider waves and water splash effect on the predicted temperature and could cause temporal delay between observations and predictions. In fact, some microsites were predicted based on immersion when they were already in emersion according to observations and could be linked to the observed delay between predictions and observations. Including the variability of water height associated with wave intensity could decrease the bias of intertidal microclimate results and needs further exploration. An example including the effect of wave splash on microsites temperature predictions could be the approach used by [START_REF] Wethey | Predicting intertidal organism temperatures with modified land surface models[END_REF] and Mislan & Wethey (2011), who combined tide predictions and waves run-up (calculated from offshore wave heights). Besides, the DEM resolution used in the performed accuracy assessment (100 x 100 cm) could increase the mismatch in predicted and observed transitions from immersion to emersion and, thus, the bias of predictions. This is because a linear distance of one meter (measured from the 2D representation) can contain a more complex surface height variation that is averaged when using a meter resolution DEM. Further validation of the intertidal microclimate at the same resolution used in Le Petit Minou (20 x 20 cm) could help to understand the effect of used DEM resolution and the reliability of model predictions.

Despite these differences, the overall prediction had an acceptable representation of the temperature, particularly for reproducing the temporal dynamics with both levels of variability, seasonality (represented by the general correlation between observations and predictions pattern) and day to day variability in all microsites. In addition, the differences of daily mean, maximum and minimum temperature between microhabitats were also predicted, despite some bias depending on the metric. These suggest intertidal microclimate predictions as a promising approach for representing the spatio-temporal heterogeneity of temperature dynamics along intertidal environments.

Potential advantages of applying the intertidal microclimate 3.5.3 approach in other sites

This chapter provided the approach for constructing the "intertidal microclimate", which can be applied to other areas. One of the more important aspects of this approach is that it allows to represent the hourly spatial temperature variation on a small scale whereas accounting for the immersion and exposure periods along the intertidal area. 

Conclusions

This chapter, together with the second chapter, provide for the first time a small-scale spatial representation of topographic microhabitats (5 x 5 cm resolution), predictions of highresolution hourly temperature and temperature metrics (annual averages of daily mean, minimum, maximum and SD; at 20 x 20 cm resolution) from two contrasted rocky shores.

The developed spatial representations of both, topographic microhabitats and temperature hourly series constitute a baseline information for further studies relating small-scale environmental conditions and species presence, as we do in the next chapter. The format of the developed microhabitats distribution, intertidal microclimate and temperature metrics layers of Le Petit Minou would allow the assessment of small-scale distribution of benthic species, as well as their mortality risk by thermal stress and physiological consequences at short and long-term (Chapter 4, Chapter 5 and Chapter 6, respectively). Table S3.1 Summary of temperature metrics in all cells from each shore, West and East. The mean, variance and standard deviation of each layer cell values, weighted by the fraction of each cell that is covered by the corresponding shore area. Bolt format indicates the shore with higher or more extreme temperature metrics values, i.e., higher maximums and lower minimums. 

Metric

Highlights

 Drone images allow high resolution identification of mussels" coverage changes in two sites of Le Petit Minou (East and West).

 More than 50% of loss in mussels covered area measured between June 2019 and June 2020, which is only partially compensated by gain area.

 Topographic microhabitats do not explain the dynamics of mussels" distribution.

 Differences between East and West sites are likely explained by differences in their general orientation  Occupancy rates vary according to the bathymetry, with maximum values at intermediate levels

Introduction

Mussels are very important species for intertidal ecosystems that could affect the entire dynamics of the community. Monitoring and understanding their dynamics is fundamental for predicting its response to changing conditions. The dynamics of mussels" populations depend on the balance between diverse processes that increase or decrease their abundance and/or covered area. Processes favoring the expansion of mussel covered area are growth, recruitment and migration or movement of individuals from inside to the edge of the aggregations (Petraitis 1995). On the other hand, covered areas can decrease due to individual mortality (including mortality by senescence, predation or disappearing by dislodgement) or migration to other areas by water dynamics (Petraitis 1995), but these causes are difficult to differentiate from each other in field work. We observed a trade-off between growth, mortality and recruitment at mussels" aggregation scale across the intertidal gradient and between West and East shore in Le Petit Minou, which creates spatial patterns of individual life-history traits and population parameters (see Chapter 1). We now need to evaluate the dynamics of mussels" aggregation and how habitat topographic conditions affect processes such as mortality at the scale of site. This is necessary for having an overview of the population dynamics and improving predictions of process-based modelling that upscale individuals-scale processes to the population level response.

In field populations, the dynamics of the aggregations can present changes in terms of covered area, shape and position. A pertinent approach for properly evaluating the dynamic of the population distribution should allow the monitoring of a wider area than some meters due to potential mosaic distribution of disturbance, particularly if the entire site presents complex topography. Monitoring high spatial coverage of intertidal areas is possible by using aerial imagery. Aerial images have been used for studying the distribution of shellfish populations such as mussels and oysters, by using airplane images [START_REF] Herlyn | Quantitative assessment of intertidal blue mussel (Mytilus edulis L.) stocks: combined methods of remote sensing, field investigation and sampling[END_REF][START_REF] Folmer | Large-Scale Spatial Dynamics of Intertidal Mussel (Mytilus edulis L.) Bed Coverage in the German and Dutch Wadden Sea[END_REF]) and satellite images (e.g., [START_REF] Choe | Detection of oyster habitat in tidal flats using multi-frequency polarimetric SAR data[END_REF][START_REF] Westinga | Rapid cloud-based temporal compositing of Sentinel-1 radar imagery for epibenthic shellfish inventory[END_REF]), but most of these focus on tidal flat environments and evaluate changes at scales higher than ~0.5 m. This scale of analysis allows a monitoring of wide surfaces but limits the analysis at the scale of smaller aggregations, as the ones observed in many rocky shores. Unmanned aerial vehicles (UAV) such as drones allow for a high resolution and relatively high surface coverage compared to field sampling of quadrants or transects for instance (e.g., Ventura et al. 2018). UAVs have been increasingly used for environmental monitoring [START_REF] Manfreda | On the Use of Unmanned Aerial Systems for Environmental Monitoring[END_REF]. The acquired images are used for creating a perfectly orto-rectified mosaic, i.e, top view -orthophoto.

Orthophotos processing of time series information has been improved and the Time-SIFT approach allows a perfect overlap of different dates to create a high resolution view of the dynamic of the system (depending on the height from the ground at which images were taken) (Feurer & Vinatier 2018, Feurer et al. in press, Annexe I).

Furthermore, drone images can be used to create the surface structure of the site by the structure from motion (SfM) approach, complementing the information for spatial studies and species distribution monitoring (e.g. Gomes et al. 2018). Different topographic structures could determine the distribution of refugees (Meager et al. 2011, Topography complexity and landscape temperature) with respect to both water dynamics and temperature stressing conditions. Particularly, the effect of water dynamics could depend on particular structures characterized by specific attributes of slope, curvature etc., such as the topographic microhabitats defined in Chapter 2. On the other hand, the effect of topography on the temperature could be associated with specific terrain attributes such as the intertidal height, slope and orientation as discussed in Chapter 3. Based on these roles of topographic heterogeneity, we could hypothesize that the within-site topographic variability will affect the dynamics distribution of mussel aggregations, i.e. the loss and gain of covered area.

Here, the main goal was to characterize the distribution dynamics of mussels (Mytilus galloprovincialis) aggregations at high resolution (centimeters) in two rocky shores covering 100s meters spatial scale, and evaluate its relationship with topographic features to infer about the main factors driving the population dynamics in Le Petit Minou. In particular we used drone images to: 1) characterize the high-resolution mussels' distribution dynamic, and

2) relate the observed dynamics with the intertidal height gradient, slope, orientation angle and the distribution of topographic microhabitats presented in Chapter 2.

Methods

Workflow summary 4.3.1

Drone images from two dates, June-2019 and June-2020, were acquired from Le Petit Minou (see the study site description in Chapter 1). Images were processed to obtain perfectly overlapping orthophotos. An original method of mussels" identification was then calibrated and validated in order to obtain the distribution dynamics of mussels covered area (Figure 4.1). Finally, the mussels" distribution dynamics was characterized in relation to the Temporal orthophotos creation 4.3.2 In order to perform a temporal comparison of the distribution of mussels" coverage, drone images were obtained at two dates, 2019-06-05 and 2020-06-23. Temporal comparison requires a perfect overlap between the orthophotos from different dates, but it can be difficult when processing each date image dataset separately. To avoid further corrections in the orthophoto shape configuration to improve their overlap, we applied the "Time-SIFT" approach (Feurer & Vinatier 2018). Time-SIFT method consists in aligning together all images from different periods and then separating the image dataset of each date from the entire church of aligned images to create the corresponding orthophotos. This process allows a perfect overlapping between dates and, thus, a more precise evaluation of the changes between the dates, which can be identified at each cell (equivalent of a picture pixel), i.e., centimeters resolution (Feurer et al. in press, Annex II).

Mussels detection from images classification 4.3.3

A supervised classification was performed based on the Red Green Blue (RGB) cell information contained in the orthophotos. In order to improve the detection of mussels' color, we created an index that increases the relative importance of the blue band that characterizes the mussel shell of the main species inhabiting Le Petit Minou study site M. galloprovincialis. This index was called the "mussel visualization index" (MVI):

( ) )
where B is blue, R is red and G is green, the three bands (RGB) of each cell in the orthophoto.

Mussel"s cells were selected by hand for the calibration step in order to evaluate the lower range of MVI values they presented and determine the threshold for mussel"s cells classification. The threshold of MVI values was identified based on 30 virtual quadrat training sampling, 10 x 10 cm, in the orthophoto. Sampled cells were used to characterize the distribution frequency of MVI values and the lower confidence interval of 68% was selected to determine the threshold. That is, values falling beyond 2 standard deviations of the mussels" mean MVI were considered as specific/characteristic of mussels and used for identifying their distribution in the entire site.

The classification based on RGB color properties is very unspecific and can result in several false positives due to the presence of shadow and other species with similar color properties. In Le Petit Minou, we observed that diverse algae and lichen species present a similar color than mussels. Then, to overcome possible bias in the identification of mussels, we adapted the approach to our specific case of study. To do that, extra steps were applied: 1) calculate hill-shade for the date and time of the drone surveys, 2) mask the shaded areas, and

3) exclude areas outside the intertidal height range of the species distribution. 

Validation of image classification 4.3.4

A specific validation was carried out based on a random sample of cells in the entire zones from both East and West rocky-shore. A total of 520 random cells were sampled from both orthophotos (130 cells x 2 rocky shores x 2 dates). The samples were divided in a group of 30 and other of 100 cells, corresponding to mussels and non-mussels, respectively. Nonmussel" cells were randomly sampled and checked to exclude potential mussel areas.

Whereas the "mussels" cells were sampled by hand trying to represent the most wide and representative spatial distribution of the mussels. These samples constituted the reference for evaluating the classification performance using a confusion matrix. The performance of the supervised classification was assessed by the overall accuracy [START_REF] Congalton | A review of assessing the accuracy of classifications of remotely sensed data[END_REF]) and the Kappa index [START_REF] Kruskal | Use of Ranks in One-Criterion Variance Analysis[END_REF][START_REF] Cohen | A Coefficient of Agreement for Nominal Scales[END_REF], which represents an overall accuracy corrected for random predictions. Overall accuracy was defined as the percentage of cells correctly classified. Kappa index can take values from -1 to 1, being -1 equivalent to zero concordance between the supervised classification and the real distribution of mussels, whereas 1 indicates a perfect concordance (true positives and true negatives).

Dynamics distribution characterization 4.3.5

The classified orthophotos at both dates, June 2019 and June 2020 were overlapped to obtain the mussels distribution temporal dynamics. We classified the initially covered area during 2019 that continued to be occupied in 2020 as "persistence areas", areas initially covered that presented absence of mussels in 2020 as "lost areas" and areas initially without mussels that were covered during 2020 as "gained area". The result was a layer with three categories: "persistence", "gain" and "loss". Due to the high number of cells in the resultant layer (cell resolution 0.5 x 0.5 cm), and the difficulty for processing the total ~16M cells/rows, we resampled the layer at a cell resolution of 1 x 1 cm in QGis v.3.14.16 (QGis Development Team 2020) for further analyses. To characterize the distribution dynamics, we first measured the net area of persistence, gain and loss in each rocky shore. We calculated the proportion of the initial mussels covered area, i.e., coverage in June 2019, that was observed as gain, loss and persistence in the year latter, June 2020. Besides we calculated how much of the total available area presented mussels in each year (as proportion), as well as how much represented gain, loss and persistence in each shore.

Topographic height, slope, orientation and habitat type preferences 4.3.6 In order to characterize the dynamic distribution along the intertidal height (m above the lowest astronomical tide; LAT) and explore its relationship with the slope and orientation conditions, as well as the topographic microhabitats distribution, a merged dataset containing all features for each mussel distribution cell was created. To do that, the layer of distribution dynamics was converted from raster to points and then used for extracting the information from the layers of bathymetry (DEM), slope, orientation and topographic microhabitats obtained in Chapter 2. The first three layers were originally at resolution of 20 x 20 cm and topographic microhabitats at 5 x 5 cm, but the final dataset was represented as if they were downscaled to 1 x 1 cm (as the dynamic distribution layer) for further analyses. The points corresponding to each mussels" cell containing the information of altitude, slope, orientation and topographic microhabitat were transformed in a dataframe. The whole process for extracting layer's information and creating the complete dataset was performed in R (R Core Team, 2020) using raster package functions (Hijmans 2020).

To identify potential patterns in the dynamics associated with the intertidal height gradient, we explored the proportion of persistence, gain and loss areas relative to the initially covered area in 2019 along the intertidal height. This allowed us to evaluate whether the lost area was compensated by gain along the intertidal height. In addition, to evaluate if the mussels" distribution was restricted by the availability of substrate area, we calculated the proportion of occupied area in relation to the available area along the intertidal height as well as along diverse slope and orientation combinations. The angle of orientation and slope of microsites were classified by range to create different combinations of both features. The slope was classified in 9 ranges, from 0 to 90 each 10 degrees range. Similarly, the orientation was divided from 0 to 360 every 10 degrees (counterclockwise, with 0 at orientation North).

To determine the relationship between the areas with mussels" persistence, gain and loss and topographic microhabitat type, we compared their area in each microhabitat as well as the relative covered area (relative to the available area of the topographic microhabitat) for excluding any effect due to the different available area of the topographic microhabitats.

Results

Validation of images classification 4.4.1

The validation of images classifications indicated a good agreement between the cells identified as mussels" coverage and the original orthophoto in both shores and dates (Table 4.1). The classification performance was variable between the image datasets processed. Characterizing the species distribution dynamics 4.4.2

Initial distribution and dynamics distribution of mussels

In 2019, M. galloprovincialis individuals in Le Petit Minou covered a surface of 58.8 m 2 over 1628 m 2 and 281 m 2 over 1695 m 2 total available intertidal area in the range of mussels" distribution in the West and East shore, respectively. These represented a covered percentage of the total rocky intertidal area of respectively 4% and 19%.

From the initial covered area in June 2019, 80% (47.04 m 2 ) was lost and 48% (28.19 m 2) ) was gained in the West shore, whereas in the East, 55% (154.65 m 2 ) of the covered area was lost and 14% (39.19 m 2 ) was gained between June 2019 and June 2020 ( Linking species distribution dynamics with topographic habitats 4.4.3 The total area of persistence, gain and loss of mussels varied between topographic microhabitat types in each shore (Figure 4.5A-B), but represented a similar proportion relative to the total initially occupied area (in 2019) in the corresponding shore (Figure 4.5C-D). This is, there were not considerable differences in persistence, gain or loss of mussels" coverage between topographic microhabitat types from the same shore (Figure 4.5C-D). 

Discussion

Here, the dynamics of mussels" distribution was characterized and the effect of different topographic conditions as constraining factors was evaluated. Specifically, we evaluated the dynamics of mussels" distribution along the intertidal height gradient and between topographic microhabitat types. The results showed that the distribution of M. galloprovincialis is highly restricted to a determined intertidal height range but no evident relationship was observed with the topographic microhabitats. We observed a high dynamic during the studied year (2019-2020), which was related with intertidal height and surface orientation but was independent from topographic microhabitats. These relationships were likely associated with water and/or sand dynamics and thermal stress. Here, the potential factors affecting the observed distribution dynamics of M. galloprovincialis are discussed.

Between shores differences in the dynamics of mussels' distribution 4.5.1 Whether the covered surface is maintained in the time depends on the equilibrium between gained and lost area. Our results indicated that the mussels covered area in Le Petit Minou decreased from June 2019 to June 2020 of 31% and 41% in the West and East shore, respectively, as result of higher lost than gained area. This means that the growth and recruitment of new individuals was not enough to compensate the loss of individuals by dislodgement and/or mortality. Particularly, mussels" aggregates in the West seem to be more dynamic, i.e, presented less persistence (19% of 2019) than in the East (40% of 2019) and more gain and loss areas. Yet, we found a lower total decrease of covered area than in the East shore. The coastline of West and East shores are oriented differently, potentially experiencing different microclimate (Chapter 3) and wave force conditions [START_REF] Helmuth | Predicting wave exposure in the rocky intertidal zone: Do bigger waves always lead to larger forces?[END_REF]). These differences must play a role in observed patterns the covered area distribution and dynamic. A higher gain area was observed in the West than in the East shore, relative to initially covered areas in 2019. Gained areas can result from recruitment, growth of individuals and migration or potential movement of individuals inside the mussels" aggregation. The higher gain in the West shore is coherent with our observations of higher recruitment (Chapter 1). Nevertheless, this is questionable because the studied period (a year) could be short for observing the area occupied by new individuals due to the slow growth of mussels in Le Petit Minou, and particularly in the West, with juveniles reaching approximately 0.5 cm size at the age of a year [START_REF] Barbosa | Linking individual and population patterns of rocky-shore mussels[END_REF]; Chapter 1). Observations from [START_REF] Hunt | Predicting wave dislodgment of mussels: variation in attachment strength with body size, habitat, and season[END_REF] support the idea of gain area by recruitment since they attributed about < 20% increase in covered area of experimental field patches after 15 month to the recruitment.

Alternatively, as mussels' growth rate is higher in the East than in the West shore (Chapter 1), they likely fill the gaps faster and, thus, areas of loss followed by individual growth could be observed as areas of persistence. [START_REF] Hunt | Predicting wave dislodgment of mussels: variation in attachment strength with body size, habitat, and season[END_REF] attributed about 61-83% of the increase of covered area of experimental field patches to growth of individuals with similar slow growth rate as mussels in Le Petit Minou (in a period of time between 10 and 15 months). These potential explaining situations, i.e., higher gain due to higher recruitment in the West or masked gain observed as persistence in the East, could be evaluated by analyzing drone images at higher frequency for a detailed sequence of the distribution dynamics (e.g. Figure 4.7). The interpretation of potential processes acting at different scales of time and space were possible due to our integrated measurements of processes at both inside mussels" aggregations (see Chapter 1) and over the spatial coverage of such aggregations. Nevertheless, it was not possible to identify the cause of higher gain observed in the West than in the East and higher frequency images analyses are needed to clarify this. Results of loss areas observed from drone images likely correspond to disappearance of partial or entire aggregations, which are generally due to disturbance events caused by waves [START_REF] Paine | Intertidal Landscapes: Disturbance and the Dynamics of Pattern[END_REF], Guichard et al. 2003[START_REF] Zardi | Sand and wave induced mortality in invasive (Mytilus galloprovincialis) and indigenous (Perna perna) mussels[END_REF][START_REF] Bagur | Physical rather than biotic factors set the lower limit of mussel beds in a horizontal rocky intertidal platform[END_REF]. Guichard et al. (2003) observed that an initial gap in the aggregation can result from mussels' wave dislodgement and a consequent gap expansion can result from progressive loss of vulnerable mussels next to recently disturbed edges. The vulnerability of gap edges depends on the individual's attachment force but also on aggregation density and crowding structure (Helmuth 1998, Guichard et al. 2003, Gutiérrez et al. 2015), e.g. hummock formation tends to decrease the attached surface. Similarly, density of aggregations and substrate type showed to influence patch formation of M. edulis in experimental situations (Bertolini et al. 2018). In summary, interactions at between-individuals level (centimeters) could definitely induce spatial changes in coverage area in rocky shores as it does in sandy environments (van de Koppel et al. 2008, Liu et al. 2014, de Jager et al. 2020). Then, due to the high waves action in the studied site which potential impact is expected to differ between shores, loss of mussels" coverage areas may be explained by waves dislodgement but more information should confirm this. The role of other potential causes will be discussed in section 4.5.3.

In addition, a peak of loss covered area was observed in the lower intertidal from the West shore, adding evidence to the potential role of water dynamics in the dynamics of mussels" distribution. Loss area in the West shore occurred below 3.7 m above the LAT, whereas this height was scarcely covered in the East shore. In such loss areas, aggregations were initially clustered and generally smaller (see Figure 4.2 for visualizing an example) than in the upper part or in the East shore (R.V.B. personal observation). Small aggregations will likely be more resistant to dislodgement because i) individuals located in the edges have stronger attachment [START_REF] Witman | Mussels in flow: drag and dislodgement by epizoans[END_REF] and ii) small aggregations correspond to lower surfaces of resistance [START_REF] Cole | United We Fail: Group versus Individual Strength in the California Sea Mussel, Mytilus californianus[END_REF]). Nevertheless, small patches composed by older individuals could be more vulnerable to dislodgement [START_REF] Paine | Intertidal Landscapes: Disturbance and the Dynamics of Pattern[END_REF].

Furthermore, water dynamics can be associated with sand dynamics, which can increase mussels mortality and determine their lower limit of distribution [START_REF] Zardi | Sand and wave induced mortality in invasive (Mytilus galloprovincialis) and indigenous (Perna perna) mussels[END_REF][START_REF] Bagur | Physical rather than biotic factors set the lower limit of mussel beds in a horizontal rocky intertidal platform[END_REF]. Although there are no available assessments of the water and sand dynamics in the studied site, it was observed a variation of sand of about 1 m height during winter of 2019 (Figure 9 of Annex II). Based on these observations, we could speculate about the role of water and sand dynamics in the studied site.

Does the topographic microhabitats affect the dynamics of mussel's

distribution?

There was no evidence that the within-site topographic variability, based on the eight topographic microhabitat types, affects the dynamics of mussel"s distribution. Thus, we can not accept our initial hypothesis. The lack of evidence in the role of microtopographic structure on the aggregation resistance to dislodgement could be associated with two main causes. First, the two potential causes of the main loss area discussed before, water and sand dynamics, generally act at higher scales and, therefore, could mask the effect of microtopography. Second, a poor representation of microtopographic structure. This highlights the complexity of evaluating microscale habitat structure on population dynamics principally due to the multiple factors affecting it.

Selecting the features that represent the best topographic condition for mussel species is difficult and other classifications of topographic habitats could result in different conclusions. Under the assumption that most important drivers of lost area are caused by waves, measurements associating the topographic structure with the hydrodynamic force experienced by individuals is needed (e.g., [START_REF] Helmuth | Predicting wave exposure in the rocky intertidal zone: Do bigger waves always lead to larger forces?[END_REF]). Nevertheless, [START_REF] Helmuth | Predicting wave exposure in the rocky intertidal zone: Do bigger waves always lead to larger forces?[END_REF] highlighted the difficulty to classify a microsite based on the hydrodynamic forces experienced by individuals living there due to the high temporal and spatial heterogeneity in wave microscale forces (see also [START_REF] Gaylord | Detailing agents of physical disturbance: wave-induced velocities and accelerations on a rocky shore[END_REF][START_REF] Focht | Acceleration loggers reveal fine-scale heterogeneity in wave exposure along an open coast[END_REF][START_REF] Burel | Wave height vs. elevation effect on macroalgal dominated shores: an intercommunity study[END_REF].

We developed a classification of topographic microhabitats to maximize the heterogeneity of terrain attributes without considering specific features related with the mussels in particular. A specific classification of microhabitat types based on the particular terrain conditions occupied by mussels can show potential relationships with their dynamics.

In that case, it is probable that very small crevices should be important, particularly for the first settlement of recruits and patch formation. Nevertheless, the use of drone images do not allow capturing these small features in areas already covered by mussels or other species and LiDAR datasets is more adequate for such objectives (e.g. [START_REF] Bajjouk | Hyperspectral and Lidar: Complementary Tools to Identify Benthic Features and Assess the Ecological Status of Sabellaria alveolata Reefs[END_REF][START_REF] Jackson-Bué | Threedimensional mapping reveals scale-dependent dynamics in biogenic reef habitat structure[END_REF].

Potential causes of the observed loss of mussels covered area 4.5.3

Other abiotic and biotic factors may be responsible for the unexplained high loss of covered area observed. Factors such as the wave's height have been associated with higher mortality of M. galloprovincialis in the intertidal areas [START_REF] Zardi | Sand and wave induced mortality in invasive (Mytilus galloprovincialis) and indigenous (Perna perna) mussels[END_REF][START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF]. Particular events of storms or high wave height combined with lower byssus stretch can result in events of mussels disappearing [START_REF] Nehls | Large-scale distribution patterns of the mussel Mytilus edulis in the Wadden Sea of Schleswig-Holstein: Do storms structure the ecosystem?[END_REF]. The byssus attachment strength varies along the year [START_REF] Price | Seasonal variation in the strength of byssal attachment of the common mussel Mytilus edulis L[END_REF][START_REF] Hunt | Predicting wave dislodgment of mussels: variation in attachment strength with body size, habitat, and season[END_REF][START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF], and the co-occurrence of high waves height and low strength could result in high inter annual variations in dislodgement of individuals and/or aggregations [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF]). The byssus strength is increased as response to stressing waves conditions. Thus, the speed and degree of change in stressing conditions can determine the degree of consequent coverage loss, i.e., a storm after calm conditions such as in summer can cause more dislodgement than a storm during winter, when the waves height is usually high. The highest wave heights in Le Petit Minou were observed during autumn and winter 2019 (specifically from end of September to late March), when rest of byssus from dislodged mussels were also observed Besides, during the calm period in summer, there was an increase of waves height with maximums of 1.5-2 m (similar to winter) that coincided with a period of high temperature followed by another wave calm period (Figure 4.8). The observed high temperature coincided with stressing status of individuals -lower condition index-observed particularly in the East shore (Chapter 1; Figure 4.8). These conditions can affect the energetic balance causing a weak attachment and predispose mussels" aggregations to experience dislodgement during high wave stress, having a more severe effect than in areas without previous stressing conditions. A qualitative analysis of images with higher frequency in the East shore, the water dynamic conditions and mussel"s physiologic state supported the possibility of an interacting effect of these factors (see higher dislodgement during late summer and early autumn, June to October 2019, and between January and June 2020; Figure 4.7 and Figure S4.1). The potential interaction between high wave"s height and high temperature could explain the loss area in the East shore, although other factors must be causing the higher loss in the West shore.

Other factors acting at wider spatial scales should also be considered as potential causes of the observed loss area. For instance, mussels mortality events during 2017 (reaching 70% mortality in Brest populations) were associated with harmful parasites, neoplasia, metal contamination, and tissue alterations [START_REF] Charles | High mortality of mussels in northern Brittany -Evaluation of the involvement of pathogens, pathological conditions and pollutants[END_REF]. 

Approach advantages and limitations 4.5.4

The use of drone images showed a very good compromise between resolution and the studied extent area, which were acquired during a single low tide of tide coefficient higher than 80 in our study site [START_REF] Konar | The use of unmanned aerial vehicle imagery in intertidal monitoring[END_REF]. The high performance of the supervised classification indicated the appropriateness of drone images analyses for monitoring the distribution of an ecosystem engineer species, Mytilus sp. Besides, the double use of images dataset for creating the orthophoto and the digital elevation model (DEM) make possible complementary analyses. This is fundamental in environments where the topography plays a role in the distribution of species. Some limitations in the approach were inferred in terms of transferability and reproducibility due to the variable performance observed depending on the image dataset.

Particularly for temporal analysis, differences in weather conditions of cloud cover and humidity, as well as differences in the time -sun position-would increase the difficulty for identifying the species, as well as should increase the loss of studied area when masking shadows. Here, there were compared two similar periods in terms of solar zenith and sun altitude position linked to the month of the year, which reduced the effect of differences in the distribution and coverage of shaded areas. For instance, other monthly drone surveys in Le Petit Minou showed a lower light and high contrast, which made them difficult for temporal analyses without further and more complex processes of images classification.

Particularly, the image classification based on only RGB should be difficult in sites where algae are more abundant and mix with mussel populations. The interference between alga color properties and mussel identification was already observed in lower intertidal in Le Petit Minou, but the high height zonation between species allowed the exclusion of false positives by masking by height. Despite that, some false positives were still associated with algae in intertidal pools. The use of other images properties such as the red edge (RE), nearinfrared (NIR), and surface structure have shown to improve intertidal image classification [START_REF] Collin | Improving Intertidal Reef Mapping Using UAV Surface, Red Edge, and Near-Infrared Data[END_REF]. Besides, drone surveys with resolution scales below centimeter could be also used for identifying the presence of species by complementing the red-green-blue RGB color band properties of image"s cells with the surface structure of mussel individuals in the approach known as "object-based identification analyses" (OBIA). This and other methods such as hyperspectral images could improve the performance in particular cases/sites where algae and mussels are mixed, but the process would require more time and user expertise.

Conclusions

The results from this chapter showing a higher covered area in the West shore reinforced our hypothesis proposed in Chapter 1 about higher stress in the West shore than in the East due to within site heterogeneity. In addition, the relationship between support loss area of mussels" coverage in the West than in the East shore Nevertheless, we could not prove an effect of topographic features on the mussels' resistance to dislodgement and other processes determining the population dynamics based on the topographic habitat classification we performed, i.e., with the terrain attributes that we chose. This lack of association could also result from a masking effect of other factors affecting mortality discussed before. To this respect, this chapter yielded a spatial distribution of loss in covered area, which will be coupled with the distribution of body-temperature history and ultimate individuals" survival to temperature to particularly test the effect of temperature on the observed coverage reduction.

The quantitative and complete description of the high reduction in covered area by mussels in Le Petit Minou must be interpreted with caution with respect to its potential consequences to the long-term population dynamics. This can show the high dynamics of the populations as observed elsewhere (e.g., [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF] or represent an extreme event of mortality, but would be necessary to determine if this trend continues or if the population will recover. In 2019, the temperatures were particularly high in relation to the last 10 years, thus, it was a particular year and next ones could be more beneficial for the population development. The recruitment rate and the storms and / or thermal stress events during the next year will be determinants for the recovery of the population. Older individuals in Le Petit Minou are about 11 years old (Chapter 1), which indicates the longevity of the population in the site. Then, similar duration of monitoring should be pertinent for a deeper analysis of the population dynamics.  The area of mussels seems to be limited by thermal stress in one site, mainly due to a higher proportion with south-southwest facing rocky shore surface  The dynamics of mussels" coverage was slightly related with survival probability to temperature distribution during the year of study

Introduction

Sessile or relatively immobile species are highly constrained by the spatial distribution of microhabitat thermal conditions, whereas mobile species can partially modulate their living conditions by regulating behavior or actively searching "refuges" in the rocky-shore (e.g., [START_REF] Lagos | Microhabitat segregation and physiological differences in two species of intertidal porcellanid crabs (Genus Petrolisthes) on the southern coast of Chile[END_REF][START_REF] Monaco | Shore-level size gradients and thermal refuge use in the predatory sea star Pisaster ochraceus: the role of environmental stressors[END_REF], Ng et al. 2017, 2021) For example, topographic structure of intertidal rocky shores generally creates "refugees" from high temperatures (e.g., shaded microsites such as crevices, [START_REF] Gilman | Body temperatures of an intertidal barnacle and two whelk predators in relation to shore height, solar aspect, and microhabitat[END_REF]. Combined with weather history, topographic structure can thus interact to complexify the mosaic distribution of microhabitat thermal conditions (Helmuth et al. 2006). Three main topographic features generally condition the local temperature: the intertidal height, slope and orientation. Higher intertidal height areas spend longer periods exposed to the sun during low tide and, thus, present higher mean daily maximum temperatures [START_REF] Helmuth | Microhabitats, Thermal Heterogeneity, and Patterns of Physiological Stress in the Rocky Intertidal Zone[END_REF]. Whereas slope and orientation determine the sun exposure and consequently the heat radiation level.

Substrate orientations through the south are generally associated with higher temperatures than north-facing surfaces (Seabra et al. 2011, Denny et al. 2011).

These differences in temperature due to surface features can ultimately result in a mosaic distribution of the physiologic response and survival probability of species populations. For instance, [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF]) predicted more sublethal and lethal condition events for Lottia gigantea in surfaces oriented from west to southeast and over a high range of slope angles in the Hopkins Marine Station, Northwest Pacific. Similarly, Monsinjon et al.

(2021) predicted higher time spent over a threshold of 38°C in south and southwest oriented surfaces in diverse sites from the United Kingdom, France and Portugal. Yet, we do not know how such differences on time spent under sublethal conditions translate to some probability of individual survival and affect population persistence.

In order to translate the effect of temperature on mortality we first need to estimate the body temperature history of individuals. The body temperature of mussels can be predicted based on their heat budget according to the weather conditions they experience and their physical properties [START_REF] Helmuth | Thermal Biology of Rocky Intertidal Mussels: Quantifying Body Temperatures Using Climatological Data[END_REF]. Combining downscaled weather conditions at microscale allows for computing the heat flux of mussel organisms among microsites (Choi et al. 2019). Coupling microclimate prediction based on downscaled radiation, wind shear velocity and air temperature to species heat budget model would allow simulating conditions that individuals experience among microsites. Second, we need to define "which" are the stressing conditions for the species. Several authors have defined stressing conditions based on thresholds of temperature, for both sublethal and lethal -maximum of toleranceconsequences of thermal stress. Nevertheless, this should be a simplistic rule since stress causes damage proportionally related to the intensity of the stress, which at the time can accumulate through time (Gleason et al. 2017). Then, the intensity and duration of the stressing period would determine the total damage.

In the intertidal area, total duration of the exposure to stressing temperatures is generally determined by the duration of the low tide. Different from terrestrial environments, consecutive days of potentially high temperatures result in interrupted periods in the intertidal zone due to the tidal cycle. Despite the discontinuity of the exposure, individuals would rarely recover from the damage before the next day's low tide, and could continue to accumulate damage. This was evidenced by experimental approaches with mussel species showing decreasing survival probability depending on exposure time duration, intensity (temperature) and number of repeated exposures or quantity of consecutive times that the stress events occur [START_REF] Jones | Linking Thermal Tolerances and Biogeography: Mytilus edulis (L.) at its Southern Limit on the East Coast of the United States[END_REF][START_REF] Mislan | Projections of climatedriven changes in tuna vertical habitat based on species-specific differences in blood oxygen affinity[END_REF], Seuront et al. 2019[START_REF] Nielsen | Freshening increases the susceptibility to heat stress in intertidal mussels (Mytilus edulis) from the Arctic[END_REF]). Thus, a survival probability model accounting for these factors (intensity, duration and number of repeated exposures), would improve our understanding about the relationship between temperature history and species distribution and development. Such understanding is imperious for predicting and forecasting species response at microscale, i.e., under the highly variable temperature conditions predicted in Chapter 3.

Microclimate predictions made in Chapter 3 represent the temperature history of all microsites over two rocky shores and the full tidal cycle over a year. The temperature-history of a microsite results from the interaction between air temperature, sun angle position, cloud cover, wind speed, microtopography and shading effect by surrounding meso and microtopography [START_REF] Maclean | Microclima: An r package for modelling meso-and microclimate[END_REF]. Then, microclimate predictions account for highly variable temperature-histories which result from the dynamics of shaded versus exposed conditions throughout the day. For instance, microsites with similar slope and orientation would exhibit contrasted temperatures depending on their position in the site, which determine if they are shaded or exposed to the sun due to the surrounding topography. Then, these predictions are important for evaluating the general assumption of south facing versus north-facing surfaces since contrasted temperatures would be context dependent due to shading effects from surrounding meso and microtopography.

Despite the potential effect of interaction between topographic features and the temperature-history on individuals, its relationship with the spatial distribution and dynamic of semi-sessile species such as mussels is not completely clear. For instance, [START_REF] Mislan | Geographical variation in climatic sensitivity of intertidal mussel zonation[END_REF]) observed that upper height distribution of M. californianus was determined by lethal temperature distribution in two of 14 sites based on predicted body temperature history.

Similar relationships between upper limit and temperature distributions were observed on three mussel species in New Zealand [START_REF] Sorte | Thermal tolerance limits as indicators of current and future intertidal zonation patterns in a diverse mussel guild[END_REF]). In addition, [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF] predicted a different upper limit of distribution of L. gigantea depending on the orientations of the substrate, with a downward limit in south-facing surfaces, which coincided with their real observed distribution. Besides, temperature associated stressing conditions could affect not only the species distribution but also its annual distribution dynamics, by particularly increasing the probability of mortality during particularly high stress periods at specific areas along the intertidal. Thus, temperature and ultimate survival distribution should constrain the spatial distribution and dynamics of species.

The main goals of this chapter were to 1) predict the body temperature of M. galloprovincialis based on a heat budget model and microclimate conditions, 2) fit a model that represent the survival probability depending on temperature stress based on experimental published data, 3) predict the spatial survival probability distribution along two rocky shores and infer the role of small-and meso-scale topographic features (slope, orientation and surrounding topography) on its distribution and on the dynamic of mussels coverage (see Chapter 4). To this end, a combination of several approaches was applied, combining structure from motion (SfM) and image classification analyses, microclimate modelling and exploitation of ecophysiological experimental work. A model of individuals survival to temperature was developed by accounting for lethal (maximal temperature tolerance for acute stress periods) and sublethal temperature effects (suboptimal temperatures accumulation effect). In addition, the body temperature of individuals living in aggregations was predicted considering the local effects of solar radiation, wind shear velocity, air temperature and cloud cover. Finally, these results were compared to infer about the role of temperature stress distribution in the presence and dynamic of mussels" coverage in Le Petit Minou during the period 2019-2020. It was expected that the population spatial dynamics was constrained by the spatial variability in temperature history, with higher loss of covered area where high thermal stress and consequent low survival probability occur. Besides, I compared the two shores of Le Petit Minou with contrasted orientation for an indirect evaluation of the effect of surrounding topography on the solely conditions of slope and orientation. That is, if the mesoscale -scale of 100s of meters-differences between shores interact with the slope and orientation at microsites it could soften the contrast of temperature and, in this case, it was expected a high variability between microsites and more evident differences between few restricted microsites with relatively extreme temperatures history.

Methods

The workflow of this chapter methods is presented in Figure 5.1. First, a model of individual survival to temperature was developed (step 2.1) based on experimental published information. In parallel, the body temperature of individuals living in aggregations was predicted (step 2.2). Both the survival model and body temperature were used for predicting the spatially explicit distribution of survival probability to thermal stress during June 2019 to June 2020 in Le Petit Minou West and East shores (step 2.3). From this spatial calculation of survival probability, the effect of intertidal height, slope and orientation were evaluated (step 2.4). Finally, the dynamic of mussels" coverage in Le Petit Minou described in Chapter 4 was compared with the survival distribution to evaluate the potential role of thermal stress on the gain and loss of mussels covered area during the period 2019-2020 (step 2.5). 

Model of individuals' survival to temperature stress

5.3.1

The probabilities survival to thermal stress were evaluated based on the experimental results of (Seuront et al. 2019) (Figure 5.2), which were extracted using WebPlotDigitizer 4.0 (Rohatgi 2017). Seuront et al. (2019) tested the effect of high temperature exposition (26, 29, 32, 35, 38 and 41°C) of Mytilus edulis from North France coast by accounting for the time duration of the exposition (1.5, 3 and 6 hours) and the number of consecutive days exposed to similar conditions [START_REF] Múgica | Season-dependent effects of elevated temperature on stress biomarkers, energy metabolism and gamete development in mussels[END_REF]2,3,[START_REF] Cowley | Historic Aerial Photographic Archives for European Archaeology[END_REF]and 5 days;Figure S5.1). Their results were used to determine the relationship between the survival rate and temperature in Mytilus edulis.

Assuming that mortality occurs when the individual is exposed to temperatures lower than the maximum tolerance but higher than the threshold of thermal stress during several days, we assumed the survival probability as dependent on the degree hours of thermal stress. This means that the accumulation of temperature degrees is summed along the time and during consecutive days of high temperatures (> 25°C), whereas the breaks of a continuous period of days with temperatures > 25°C may allow for a recovery if the individual survives.

To formalize this assumption, a thermal stress survival model was fitted with the survival response as dependent on the accumulated degrees hours during consecutive thermal stressing conditions following the next steps: 1) determining as stressing conditions when temperatures were higher than 25°C in each hour and day, 2) counting the temperature degrees above the threshold of 25°C. Daily degrees-hours was calculated as:

∑[ ) )]
where T is the temperature, 25 is the threshold of temperature (°C) and h (T > 25) is the number of hours at temperature higher than the threshold of sensitivity of Mytilus edulis.

For instance, an hour with temperature of 27°C would contribute with 2°C to the daily degree-hours and, a day with temperatures of 27°C during 2 hours would result in a daily degree-hours of 4°C. Consecutive days were used to calculate the accumulated degreeH, e.g. accumulated thermal stress in the treatment of 3 days and 3 hours of exposition duration at 27°C equal a total of 3 * 3 * (27 -25°C) = 18 degreeH.

3) fitting a sigmoidal relationship between accumulated degree hours and the observed survival. The parameters of the model were estimated from all observation at temperature treatments higher than 25°C, from Seuront et al. (2019), using the nonlinear weighted least-squares function ls to follow a sigmoidal relationship: y ~ 1 / (1 + exp((x -p1) / p2)).

In order to transpose the survival probability model from M. edulis to M. galloprovincialis, we adapted the temperature threshold of the model based on the differences between both species" Arrhenius temperature curve. The Arrhenius temperature curve represents the effect of ectotherms' body temperature on their physiological performances, determining the metabolic rates of physiologic processes. M. edulis is mainly distributed at higher latitude than M. galloprovincialis, which is originally from the Mediterranean. M.

galloprovincialis, then, is adapted to higher temperatures, even if populations from the western Atlantic coast have evolved and could show differences from the populations at their Spatio-temporal predicted body temperature 5.3.2

Since the survival probability of individuals depends on the experienced body temperature, body temperature of individuals was predicted along the space and time, over a year, from June 2019 to June 2020 (the same period of the distribution dynamic analyses).

The body temperature of a mussel individual living alone or inside a mussel bed depends on environmental air temperature (T air ), solar radiation (S), wind velocity (U) and temperature of the ground (T ground ) (Figure 5.3,S5.3,S5.4 and S5.4). These factors determine the heat of the individual by affecting the heat flux between the surrounding environment and its body (Figure 5.3). To estimate the temperature of individuals we applied the steady-state model of heat flux first developed by [START_REF] Helmuth | Thermal Biology of Rocky Intertidal Mussels: Quantifying Body Temperatures Using Climatological Data[END_REF], which estimates the temperature of individuals living alone, and modified by [START_REF] Kearney | Modelling the ecological niche from functional traits[END_REF] to estimate the temperature of an individual living in a homogeneous bed (uniform individual"s size) of M. edulis (available excel file applied for M. californianus in Helmuth et al. 2011). It must be noted that we did not account for the wave splash effect on the body temperature.

The inputs used were the spatio-temporal result of the microclimate temperature conditions predicted in the Chapter 3; downscaled solar radiation and wind shear velocity; and cloud cover. "When mussel beds represent tightly packed aggregation, as is typical for Mytilus species, the bed of mussel may be considered as the exchange surface itself" [START_REF] Helmuth | Thermal Biology of Rocky Intertidal Mussels: Quantifying Body Temperatures Using Climatological Data[END_REF]). Thus, it implicitly considers a gradient of temperature in the interior of the bed. We assumed a 3 cm mean mussel size based on the median shell length from field observations (see Chapter 1). We used the T bed equation (Table S5.1) with the parameters of conduction and emissivity of M. californianus and we assumed that these parameters may not differ considerably between M. californianus and M. galloprovincialis due to their similarity in shape and color. We performed the analysis by applying the heat flux equation to each cell (x, y, t), hereafter "microsite" over all the hourly time series (Figure 5.4). As result we obtained the spatio-temporal dynamics of mussels" body temperature along the entire study site, i.e., in the West and East shore. 

Spatial distribution of predicted survival probability

5.3.3

Body temperature-history of mussels in each microsite from the West and East shores were used as input of the model with the temperature threshold determined for M. galloprovincialis. Survival was estimated at the end of each thermal stressing period, which means that were considered the number of degree hours accumulated during consecutive days and a single day of no stress (T < 25°C) was considered enough to stop the stress period and recover of individual condition, in case it survived.

The model of survival was performed in R (R core team, 2020) according to the specifications detailed in section 2.2 in a series of steps that allowed the process of a high weight data. Spatial-time series of body temperature were stored in arrays of 10 days, which weighed over one gigabyte of R memory each file. To process such big data, we first filtered the body temperature layers (one layer per unit of time; hour) by selecting the ones with temperatures over the threshold. Then, we calculated the degrees day, obtaining one layer per day, and merged all filtered days. The survival probability was calculated over each period of stressing temperatures in each microsite of the layer by merging consecutive days (period of stress), summing the degree days and applying the equation. Final survival probability resulted from multiplying the survival probability from each period of stress along the year.

Effect of intertidal height, slope and orientation in the survival

probability

We mapped the distribution of predicted survival probability in the entire West and East shores. Besides, to evaluate potential effect of slope and orientation on the predicted survival probability and, particularly, the "highest stress" conditions associated with these features, we mapped the minimum predicted survival at each combination of slope and orientation features. First, the slope and orientation of microsites were classified by range to create different combinations of both features, as in Chapter 4. The slope was classified in 9 ranges, from 0 to 90 each 10 degrees range. Similarly, the orientation angle was divided from 0 to 360 every 10 degrees (counterclockwise, with 0 at orientation North).

To evaluate the variation of predicted survival probability along the intertidal height gradient and slope-orientation combinations, we explored the spatial mean, quantile of 0.10 probability (Q10) and minimum predicted survival at diverse height. Particularly, the spatial SD indicates the spatial variability, and the Q10 and minimum would complement the SD by indicating the quantitative value of the most frequent low survival and lowest survival, respectively.

Relationship between mussels' distribution dynamics and survival

probability distribution

Besides, to evaluate the relationship between the predicted extreme low survival probability and mussels covered area loss during June 2019 -June 2020, we related the minimum predicted survival probability at all combinations of slope and orientation, in diverse intertidal height ranges, with the location of mussels" coverage loss observed in Chapter 4. In a more general way, we related the total mussels covered area with the dominant microsite available conditions. To do this, were characterized the proportion (percentage) of microsites with different slope and orientations angles in the West and East shore and compared it with the total area covered by mussel. The occupation rate in relation to the predicted survival probably was calculated in both shores. To characterize the distribution dynamics in relation to the predicted survival to thermal stress, we calculated the absolute and relative proportion of area of gain, loss and persistence with specific predicted survival probability in each shore.

We specifically performed a separated evaluation of slope and orientation effect in each shore as a way for testing the dependence of such factor"s effect on the surrounding topography. In other words, the West and East define two different topographic structures of a rocky shore. This could determine a contrasted effect of slope and orientation on the survival probability, and indicate the importance of surrounding topography on the evaluation of the effect of slope and orientation on the temperature and ultimate survival probability of species.

Results

Survival probability model 5.4.1

The model of survival probability is a function of the accumulated degrees over a threshold of temperature (Figure 5.4). 

Survival probability distribution; variations across height, slope and 5.4.2 orientation

The predicted spatial survival probability of M. galloprovincialis (with a temperature threshold of 29°C) showed a highly heterogeneous spatial distribution, with a lowest survival probability of 0.88 in Le Petit Minou (Figure 5.5). The distribution of proportion of available area in relation to the survival probability showed a skewed distribution (Figure 5.6). It was predicted a relatively small area with survival probabilities lower than 0.95 along the intertidal height, which increased upwards with a particularly higher proportion in the West shore than in the East (Figure 5.6).

Calculations predicted a higher proportion of area with survival probability between approximately 0.965 and 0.985, with a following decrease of area with the highest survival probability predicted in both shores (Figure 5.6). Proportions are calculated in relation to the total available area of the corresponding intertidal range. The trend was similar along the intertidal area (0-8m above the LAT), but only the intertidal range around the mussels" distribution is represented in this figure (2.9-5.9 m above the LAT).

Besides, predicted survival probability was related with the slope and orientation conditions of the specific microsites (20 x 20cm resolution). Considering all microsites with similar attributes, the lower mean survival probabilities were associated with east-to-south orientations, independently of the slope in West and East shores. Similarly, the minimum survival probabilities calculated for all microsites with same slope-orientation conditions were associated with orientations between east to southwest independently of the slope, and all other orientations with the exception of areas with steeper slopes (slope > 50°; Figure 5.7). The relationship between survival probability and microsite slope and orientation varied depending on intertidal height (Figure 5.8 and S.5.5). The effect of orientation tended to increase at higher intertidal height, resulting in a higher contrast between microsite orientations (Figure 5.8A). In other words, a steeper trend in decreasing mean survival probability at increasing intertidal height was predicted in microsites with cardinal orientation east-to-south and southeast (Figure 5.8B). In addition, such interaction was stronger in the West relative to the East shore, with final lowest predicted survival probabilities in the eastto-south oriented microsites from the West shore (Figure 5.8B). In summary, a triple interaction was observed between intertidal height, orientation and shore factors. Species distribution dynamics versus thermal stress distribution 5. 4.3 The occupation rate of mussels during June 2019 varied depending on the predicted survival probability, with different patterns between shores. In the West shore, occupation rate was lower and decreased with increasing survival probability (Figure 5.9A), whereas in the East it followed an almost unimodal distribution, except for a high occupation rate at relatively low survival probability (Figure 5.9B). In terms of distribution, mussel"s occupancy during June 2019 showed unimodal distribution with survival probabilities from 0.92 to 0.98, in the West and East shore (Figure 5.10A-B). The proportion of this originally covered area that was lost, as well as the proportion of gain area, followed the same pattern, with higher proportion of mussel coverage in areas with survival probabilities between 0.95 to 0.97, in both shores (Figure 5.10A-B).

Despite representing a smaller surface area, microsites with lower predicted survival probability (0.9 -0.905) showed a proportion of loss greater than persistence, particularly in the East shore (Figure 5.10C-D). Furthermore, the area gain was greater for these microsites than for microsites with higher survival probability (Figure 5.10C-D). Slope and orientation effects were evaluated in the West and East shore. Microsites with mussels" coverage showed differences in survival probability depending on their cardinal orientation, with lower values in east-south (90°-130°) and southeast (130°-180°) oriented microsites in both shores (Figure 5.11). These differences were more evident in the West than in the East because its minimum survival probability was slightly lower (Figure 5.11). No particular differences of survival probability were predicted between areas of loss, gain or persistence of mussels at either cardinal orientation, in either West or East shore (Figure 5.11). Thus, contrary to the expected, there was no lower survival probability associated with extreme thermal conditions in areas where mussels" coverage was lost from June 2019 to June 2020 (Figure 5.11). 

Discussion

In this study, we aimed to predict the body temperature based on a heat budget model and the microclimate conditions simulated by accounting for the topographic structure.

Hence, we aimed to improve the reproduction of the interactions between environmental conditions at a relevant scale for individuals. Spatially-explicit body temperature predictions coupled with a novel survival probability model allowed the evaluation of different topographic conditions as constraining factors of the mussels" survival probability. Furthermore, it allowed testing the relationship between the dynamics of observed distribution of mussels (characterized in Chapter 4) and the potential thermal stress during June 2029 -June 2020. The results showed an important effect of orientation and intertidal height on the survival probability distribution. Besides, the effect of orientation depended on the intertidal height and the surrounding topography, i.e. shore effect. At high resolution (microscale) there was slight evidence about a relationship between thermal stress and the dynamics of mussels" distribution. In addition, at shore level, i.e., mesoscale, the higher mussel cover loss in the West was likely constrained by the higher thermal stress during the 12 months studied, evidenced as a lower survival probability in this shore than in the East. A lower survival to thermal stress was predicted in the West shore, even when comparing between microsites with similar slope and orientation from different shore. This highlighted the role of mesoscale topographic conditions on the ultimate survival probability. Besides, microsites facing to the south-southeast, which showed higher potential thermal stress, occupied a higher proportion in the West shore compared with the East. The combination of a higher mean thermal stress conditions in south-southeast oriented microsites and a higher proportion of area with these microsite features in the West suggested a lower habitat suitability for mussels in this shore. The implications of the novel approaches used and the results are discussed thereafter.

Modeling thermal stress effect on species survival 5.5.1

We consider that the model formulation reproduce in a proper way the effect of damage accumulation due to thermal stress, potentially linked to the accumulation of reactive oxygen species (ROS), which is correlated with anaerobic metabolism under hypometabolic conditions [START_REF] Feidantsis | Correlation between intermediary metabolism, Hsp gene expression, and oxidative stress-related proteins in long-term thermal-stressed Mytilus galloprovincialis[END_REF]. This opens perspectives for developing a mechanistic model of "damage" caused by thermal stress, which could be linked in mechanistic models of individuals' energy balance such as Dynamic Energy Budget (DEB) models [START_REF] Kooijman | Dynamic Energy Budget Theory for Metabolic Organisation[END_REF]).

The novel model developed here improves the representation of real thermal effect on the individuals and its populations since it also takes into account sublethal temperature effect. This is fundamental because, generally, days before over highly stressing sublethal temperature events are also stressful for individuals [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF]) and ignoring their effects could lead to underestimations of specific responses. Besides, the number of days where individuals experience temperature overpassing their thresholds of lethal temperature during their life history can be very scarce (e.g., [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF]) and even exceptionally restricted to determined microsites with specific orientation (Denny et al. 2006) Body temperature and survival probability spatial distribution 5.5.2

The predicted survival probability showed a high variability, even between microsites with similar conditions of slope and orientation, which indicated the wide range of combinations between environmental conditions of local air temperature, radiation and wind velocity due to the effect of the surrounding topographic structure. The contrary was also true, i.e., microsites with contrasted orientation that were subject to similar temperatures, in concordance with observations of mussel-mimic temperatures by Harley & Helmuth (2003). Denny et al. (2006) showed the importance of surface orientation but also called to caution to not generalize the temperature at a determined orientation site since the real conditions of the site, shaded or sun exposed, would depend on the topography around. Such variability is missed in non-spatially-explicit approaches. Thus, prediction of body temperature considering the topography around the microsite would likely improve the estimation of individual temperature and consequently the prediction of its survivorship.

Besides the high variability of mussels" body temperature and consequent mosaic distribution of survival probability, extreme conditions were predicted at south-southeast facing microsites. This trend of extreme conditions in the south-facing surface is in concordance with previous observations along the Northeast Atlantic European coast (Seabra et al. 2011[START_REF] Monsinjon | Weather and topography regulate the benefit of a conditionally helpful parasite[END_REF]) and the Northeast Pacific coast (Harley 2008, Denny et al. 2011). Besides, a bathymetric gradient of decreasing extreme survival probability at higher intertidal height was observed in both shores. Similarly, [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF] predicted mortality events over south and southwest facing slopes, with an increasing number of mortality events at higher intertidal height. They also observed a slight trend to the southwest when evaluating sublethal events, whereas lethal events were predicted to the south. That is, including sublethal stress accumulation based on degrees hour seems to indicate a slightly different orientation as the more critical or extreme compared to lethal temperatures (during a short period of time). Similarly, [START_REF] Monsinjon | Weather and topography regulate the benefit of a conditionally helpful parasite[END_REF] predicted lethal events in southoriented surfaces whereas in this study predictions of survival based on sublethal conditions indicated southeast orientation as more critical. Besides, [START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF] observed a higher cumulative sublethal thermal stress through the southwest instead of southeast as in Le Petit Minou. This tendency could be related to a different time of the day of low tides due to solar trajectory along the day from east to west, whereas the similarity in the south orientation trend is caused by the solar zenith angle in the north hemisphere.

Is the mussel distribution and dynamics related to slope-orientation 5.5.3 conditions and/or thermal stress?

The higher area facing to the south-southeast in the West shore from Le Petit Minou and its potentially lower survival probability, even compared with similar slope-orientation conditions in the East, seems to limit the distribution of mussels in this shore. The East shore also featured a relatively large southeast-facing area, where survival probability was generally lower. However, its relatively higher survival probability in comparison to similar microsites in the West plus its larger proportion of northwest-facing area seem to provide greater suitability for the presence of mussels at long term. This was corroborated by its higher mussels covered area in comparison with the West shore. Besides, such contrast of distribution of thermal stress between shores support the hypothesis raised in Chapter 1 (Barbosa et al. 2021b) about a contrasted thermal stress and higher potential energetic demand of individuals in the West shore, which could explain the lower individual growth rate observed in Chapter 1.

In addition, the lower general survival probability predicted from June 2019 to June 2020 in the West shore coincided with its higher loss of mussels covered area (80%) compared with the East shore (Chapter 4), but did not explain the magnitude of this mortality.

Differential disappearance among cardinal directions has been observed in intertidal mussels and limpets (Harley 2008) and in other environments such and plant species on European temperate summits [START_REF] Winkler | The rich sides of mountain summitsa pan-European view on aspect preferences of alpine plants[END_REF]. Results showed that predicted low survival probability due to thermal stress were "rare", since it covered a low proportion of the available area along the intertidal range of mussels" distribution. Then, predicted survival probability in the West could explain less than a 5% of mortality due to thermal stress, a low mortality compared to the one observed which was of an order of magnitude higher. It is worth mentioning that the spatial resolution of survival probability predictions was twenty times higher than the mussels' distribution dynamics resolution and potential mismatch merit verification, although potential bias would explain such underestimation. A potential cause of such differences between observed mortality and predicted potential mortality due to thermal stress is the role of other factors that could interact with thermal stress such as dislodgement by waves or disease spreading, as discussed in Chapter 4, making the evaluation of thermal mortality more difficult.

Differences in the interactive effect of slope, orientation and bathymetry between shores suggested the importance of the variability due to the effect of surrounding mesoscale topography, which means that body temperature between microsites with similar slopeorientation conditions could be different depending on the shore. Thus, the solely characterization of slope-orientation does not determine the thermal stress but it could determine potential extreme conditions. These results also suggest that other environmental and/or biotic factors interact with the thermal stress determining its role in driving the distribution dynamics at microscale (see section 4.5.4 of Chapter 4 for a discussion to this respect).

Considerations about the survival model: the importance of 5.5.4 temperature threshold

Determining a threshold for survival probability is difficult due to the multi-stressor effects on the individual's physiological response. Diverse experimental studies have evaluated the response of mussels to acute and chronic exposition to diverse temperatures, but their differences in experimental conditions such as the duration, repetitions or contrast between water and air temperatures make their comparison and generalization difficult. For instance, exposure to high temperatures of water (immersion) may be different from exposure to high air temperatures (emersion), but comparisons are needed to evaluate the differences [START_REF] Schneider | Heat Stress in the Intertidal: Comparing Survival and Growth of an Invasive and Native Mussel Under a Variety of Thermal Conditions[END_REF][START_REF] Lupo | Mortality of marine mussels Mytilus edulis and M. galloprovincialis: systematic literature review of risk factors and recommendations for future research[END_REF]). In the first case individuals are filtering and assimilating energy, which will contribute to the energy allocation for facing the stressing condition (protein production), whereas during aerial exposure valves are closed. Higher thermal stress tolerance has been related to higher energy or better food availability conditions in bivalve species (discussed in [START_REF] Schneider | Heat Stress in the Intertidal: Comparing Survival and Growth of an Invasive and Native Mussel Under a Variety of Thermal Conditions[END_REF], Fitzgerald-Dehoog et al. 2012[START_REF] Martin | Intraspecific trait variation across multiple scales: the leaf economics spectrum in coffee[END_REF][START_REF] May | Sirtuindependent recovery from aerial heat shock: The effects of food ration, thermal history, and sirtuin inhibition on clearance rates and valve gape activity of the California mussel, Mytilus californianus (Conrad)[END_REF].

Here, the thermal stress threshold determined for M. galloprovincialis, 29°C, was in concordance with the temperature at which antioxidant enzyme activity increases (in the gills and digestive glands; [START_REF] Matozzo | Can the combination of decreased pH and increased temperature values induce oxidative stress in the clam Chamelea gallina and the mussel Mytilus galloprovincialis?[END_REF]. Increased oxidative stress is a consequence of high temperature exposure and, thus, this evidence supports the use of a threshold of 29°C

(see Table S.5.2 for more evidence of temperatures at which this species displays thermal stress response). Nevertheless, lower temperatures can also cause stress during immersion (water temperature) and emersion (air conditions). For instance, the upper thermal limit of M.

galloprovincialis from South Africa were between 27°C and 31°C, with failure of cardiorespiratory functions in water temperatures above 27°C [START_REF] Tagliarolo | Sub-lethal and sub-specific temperature effects are better predictors of mussel distribution than thermal tolerance[END_REF].

In addition, [START_REF] Schneider | Heat Stress in the Intertidal: Comparing Survival and Growth of an Invasive and Native Mussel Under a Variety of Thermal Conditions[END_REF] observed an increase of M. galloprovincialis mortality at air temperature from 20 to 30°C, when water temperature equals 12°C. [START_REF] Feidantsis | Correlation between intermediary metabolism, Hsp gene expression, and oxidative stress-related proteins in long-term thermal-stressed Mytilus galloprovincialis[END_REF] characterized the upper critical water temperature as 26°C, and suggested the setting of molecular and biochemical responses against cellular homeostasis disruption beyond this temperature. Although in our study site water temperature does not rise beyond 19°C, body temperature can be faced to temperatures beyond 26°C during the long periods of emersion in spring and summer.

Furthermore, the data used for fitting the survival model was the result of an evaluation of temperature effect over summer sampled individuals, which must be acclimated to higher water temperatures than during winter period in north France (Seuront et al. 2019).

Thus, a similar response of individuals is expected in the study site due to the similarity of conditions during spring-summer. Nevertheless, predicted decrease of survival during winter could be underestimated if we consider that individuals were not acclimated. Thermal tolerance can vary among seasons due to acclimation as observed in M. trossulus (Buckley et al. 2001) and in M. edulis [START_REF] Jones | Linking Thermal Tolerances and Biogeography: Mytilus edulis (L.) at its Southern Limit on the East Coast of the United States[END_REF]. This source of temporal variation was not considered here and should call for further studies (e.g., [START_REF] Bozinovic | Physiological ecology meets climate change[END_REF][START_REF] Marshall | Whole-organism responses to constant temperatures do not predict responses to variable temperatures in the ecosystem engineer Mytilus trossulus[END_REF]). Yet, individuals-based models can be used to incorporate the thermal-history as a factor conditioning the set of temperature thresholds, being a promising tool for testing its effect on survival and interindividual variability.

The predicted survival probabilities must be interpreted with caution due to the multiple factors that can modify the threshold of individuals' sensitivity to thermal stress mentioned before. A sensitivity analysis of survival probability to different thresholds of temperature indicated a direct effect of threshold on the resultant proportion of area without thermal stress as well as on the intensity of predicted thermal stress and ultimate survival probability (section 5.7.1 of Supplementary material). For instance, a threshold of 25°C is generally used for evaluating the temperature effect on species inhabiting the intertidal zone (e.g. Denny et al. 2011, Choi et al. 2019), which also allows comparison of thermal conditions between sites. At 25°C several intertidal species start producing heat-shock proteins as response to sublethal thermal stress [START_REF] Buckley | Adjusting the thermostat: the threshold induction temperature for the heat-shock response in intertidal mussels (genus Mytilus) changes as a function of thermal history[END_REF][START_REF] Tomanek | Interspecific-and acclimation-induced variation in levels of heat-shock proteins 70 (hsp70) and 90 (hsp90) and heat-shock transcription factor-1 (HSF1) in congeneric marine snails (genus Tegula): implications for regulation of hsp gene expression[END_REF][START_REF] Dong | Heat-Shock Protein 70 (Hsp70) Expression in Four Limpets of the Genus Lottia: Interspecific Variation in Constitutive and Inducible Synthesis Correlates With in situ Exposure to Heat Stress[END_REF][START_REF] Miller | The role of temperature and desiccation stress in limiting the local-scale distribution of the owl limpet, Lottia gigantea[END_REF] or present a decreasing survival (Mislan & Wethey 2015, Seuront et al. 2019). A direct increase of proportion of area without thermal stress as well as a decrease in the intensity of predicted thermal stress and ultimate survival probability were simulated when applying a 25°C temperature threshold. Consequently, intertidal species with such limit of sensitivity should experience very low thermal stress. Such a pattern highlights the importance of well determining thermal effect on particular species and how inter-specific differences could result in a different intensity of temperature stress among the intertidal space.

Conclusions

Sub-lethal and lethal events during a period of a year resulted in a maximum potential decrease of survival probability due to thermal stress of about 12% and, although it seems to have a slight impact, its cumulative effect thought years could significantly affect the species distribution and dynamics. For instance, individuals can reach about 10-11 years in Le Petit Minou (see Chapter 1), which means that mussels aggregations in this site could have faced mortality events of ten times the predicted mortalities if weather conditions were similar along the last 10 years. Furthermore, even if temperature history does not cause mortality, the accumulation of damage by stressing conditions through the years could affect other functions and processes such as individual growth or reproduction. Coupling the survival model developed here with species metabolic processes and their ultimate life-history traits could serve to explore the consequences of long-term exposure to stressing temperatures.

These types of approaches are of paramount importance, particularly under current changing climate conditions. 

Introduction

Species fitness is highly affected by food availability, temperature and survival. In intertidal environments, food availability and temperature vary seasonally and spatially across the Temperature has been considered a determinant factor limiting the upper limit of intertidal species. Most studies evaluate the particular relationship between maximum temperatures and the upper limit of tolerance of the species (e.g. [START_REF] Mislan | Projections of climatedriven changes in tuna vertical habitat based on species-specific differences in blood oxygen affinity[END_REF][START_REF] Sorte | Thermal tolerance limits as indicators of current and future intertidal zonation patterns in a diverse mussel guild[END_REF], although this relationship is not always verified. For instance, [START_REF] Tagliarolo | Sub-lethal and sub-specific temperature effects are better predictors of mussel distribution than thermal tolerance[END_REF] observed that the upper thermal limits of Perna perna does not completely explain the effects of temperature stress and highlighted the importance of sub-lethal effects for explaining intertidal species distributions. Besides, and most likely, the interactions between temperature and food supply determine the limit of distribution by driving individuals' energy balance and survival. Temperature increases through the upper intertidal whereas food availability decreases, associated with the shorter period of immersion. Then, we predict that the performance of individuals would present a decrease along the intertidal height gradient due to both, the increasing exposure to air and associated longer period at higher body temperatures, and due to the lower energy to support such conditions. Such hypotheses are difficult to test in experimental or field sampling studies and mechanistic modeling are promising tools for such hypothesis testing approaches requiring biophysical mechanisms.

For instance, merging ecophysiology models with spatially explicit environmental conditions provides a mechanistic view for inferring range constraints based on the niche theory [START_REF] Kearney | Mechanistic niche modelling: combining physiological and spatial data to predict species" ranges[END_REF]. In this context, the Dynamic Energy Budget (DEB) theory offers the mechanisms for connecting high environmental variability with an individual's metabolism by representing the main processes operating in their energetic dynamics, i.e, feeding, maintenance, growth, development and reproduction. DEB models, allow to predict and quantify the life history traits related to their fitness, i.e. reproductive capacity. DEB models have been applied for predicting the response of mussels at large [START_REF] Saraiva | The role of bivalves in the Balgzand: First steps on an integrated modelling approach[END_REF][START_REF] Thomas | Assessing the sensitivity of bivalve populations to global warming using an individual-based modelling approach[END_REF], Thomas et al. 2020) and small spatial scales [START_REF] Thomas | Modelling spatio-temporal variability of Mytilus edulis (L.) growth by forcing a dynamic energy budget model with satellite-derived environmental data[END_REF]20011, Monaco & McQuaid 2018). Large scale predictions showed spatially heterogeneous to reproduce intertidal height effect on individuals' growth by incorporating hourly environmental conditions dynamics [START_REF] Sarà | Predicting biological invasions in marine habitats through eco-physiological mechanistic models: a case study with the bivalve Brachidontes pharaonis[END_REF], Montalto et al. 2014[START_REF] Matzelle | Dynamic Energy Budget model parameter estimation for the bivalve Mytilus californianus: Application of the covariation method[END_REF][START_REF] Monaco | Applicability of Dynamic Energy Budget (DEB) models across steep environmental gradients[END_REF]. Including the high frequency of environmental variability (hourly datasets) have shown how fitness can be affected under diverse scenarios [START_REF] Sebens | Energetic Constraints, Size Gradients, and Size Limits in Benthic Marine Invertebrates1[END_REF][START_REF] Nisbet | Dynamic energy budget theory and population ecology: lessons from Daphnia[END_REF][START_REF] Sebens | Estimation of fitness from energetics and lifehistory data: An example using mussels[END_REF]). Yet, these attempts have not addressed the spatial environmental variability among microsites with diverse microclimates. Here, we focus on scenarios driven by the topographic structure of a rocky shore, which determines the immersion time duration (intertidal height) and temperature-history (slope-orientation).

Our specific goal was to assess how microsite thermal differences, driven by microsites slope-orientation and intertidal heights conditions, affect short and long-term

Mytilus galloprovincialis energy balance and ultimately population fitness. We started with two assumptions: 1) individuals are restricted to intertidal heights below a specific height where maintenance overpasses the energy acquired from food (Figure 6.1), and 2) energetic demand for metabolic maintenance together with the lower survival probability in microsites oriented to the south and at higher intertidal tends to decrease population fitness. These assumptions were tested by applying a mechanistic approach coupling, a DEB model with the model of survival to thermal stress developed in Chapter 5. 

Methods

Modeling strategy 6.3.1

In order to predict and quantify the differences of individual traits between diverse slope and orientations conditions across the intertidal height gradient, we performed simulations based on environmental conditions predicted in the West shore of Le Petit Minou site. West shore was selected because it presents a higher contrast of microsite conditions among orientations and along the intertidal gradient in comparison with the East and would lead to clearer interpretation of results (based on predictions presented in Chapter 5. Specifically, model simulations were designed for comparing:

(1) short-term (one year) effect of intertidal height and slope-orientation temperature conditions on the energy balance, individual traits: maximum individual length, reproductive capacity and spawning phenology; and shrinking events and survival of M. galloprovincialis.

(2) long-term (ten years) effect of intertidal height and slope-orientation temperature conditions on the mean individual traits and ultimate contribution to the population fitness of a cohort -defined as a set of individuals with the same properties (initial state and model parameters values)-of M. galloprovincialis.

For the simulations, a set of 112 combinations of slope-orientation, hereafter called "microsite types" (16 orientations -defined by separating groups breaks at each 22.5°-x 7 slope ranges) x 6 intertidal heights were defined. Then, a stratified random sampling of 10 cells within each topographic combination was done in order to account for intra-group variability (total = 6720 simulations). In other words, replicates were represented by different cells with specific temperature-history extracted from the spatial simulations of body temperature from June 2019 to June 2020 presented in Chapter 4. To do this, all cells corresponding to a microsite (20 x 20 cm cell in the spatial matrix of body-temperature dataset) from West shore were first filtered by height range and slope-orientation combination, and 10 cells were randomly sampled from each group of filtered cells. In cases where only 10 or less cells were available (principally in combinations of slope-orientation with slope higher than 40), all the available cells were considered (Figure S6.1A). The intertidal height ranges included were: 2.9 -3. 1; 3.5 -3.7; 4.1 -4.3; 4.7 -4.9; 5.3 -5.5; 5.7 -5.9 m above the lowest astronomical tide (LAT). Time series of the body temperature history were then extracted in the selected cells. For the long-term simulations, we simulated ten years of a cohort defined as a super-individual representing one average life history (there is only a single simulation of growth and reproduction for each cohort) of a population. A cohort was made of 100 individuals that were born at the same time, grew under the same environmental conditions. The number of individuals decreased according to the survivorship equation (survival model from Chapter 5), which is independent from the DEB since a negative energy balance did not contribute to this mortality in our model. Hourly temperature, food availability and tidal cycle during this year were repeated ten times to represent the ten simulated years, i.e., simulations considered no inter annual variability.

DEB and survival probability models were performed in parallel and survival probability determined the number of individuals that died along the ten years simulation. All modeling steps, from input data preparation to DEB simulations and output exploration, were performed in R (R Core Team 2020). Before running simulations of microsites comparisons, DEB model performance was assessed by running simulations over a period of ten years and comparing the predicted length of individuals against length-at-age observations from Le Petit Minou (from Chapter 1). To do this, the spatial position of sampled individuals was identified and the corresponding predicted body temperature-history was extracted to perform one simulation for each individual. It was expected to reproduce a similar variance between observations and simulations among the different microsites from where they were sampled.

Perfect correlation was not expected due to potential mismatch between immersion time of body temperature predictions (see Chapter 3) and due to simplifications of body temperature and chl a, which was simulated without interannual environmental variability.

After assessing DEB model "accuracy" of predictions, the model was run for each replicate of sampled microsites with its corresponding hourly body temperature and food dynamics. Tide height was used to determine the change of immersion/emersion phases and, thus, the feeding/no-feeding periods. During the low tide or emersion phase, individuals do not feed and their metabolic rates depend on their body temperature.

The modeling strategy considered the following assumptions: 

Dynamic energy budget (DEB) model

6.3.2

The DEB model represents the energy flow in an individual, from feeding or intake of energy to its conversion for growth, development, reproduction and maintenance in a dynamic environment [START_REF] Kooijman | Dynamic Energy Budget Theory for Metabolic Organisation[END_REF]. It gives a generic framework that allows a quantitative assessment of the energy balance and resultant individual life-history traits (see Sousa et al. in this study was parameterized and validated with comparison of observations and simulation results (under conditions from several sites along the European coast) by Thomas & Bacher (2018) (see Table S6.1 for a detailed parameter list). The model simulates four state variables: structural body volume, reserve, maturity level, and the reproductive buffer.

Particularly, maturity determines the amount of energy allocated in development and the transition between life stages. The reproduction buffer corresponds to the energy for gametes production and was considered a measurement of "reproduction capacity". This definition of reproductive capacity from the total mass for gametes production assumes a complete release of gametes. Spawning was triggered by two conditions, a gameto-somatic index (GSI; gonad dry weight/whole dry weight) threshold of 0.28 and optimal water temperature between 10°C and 17°C. Once spawning occurs, the reproductive compartment is emptied in our model.

Body temperature and food availability regulate the processes simulated by the DEB model resulting in the dynamics of energy flows in the organism (Figure 6.2). Temperature acts on metabolic rates linked with assimilation, maturity maintenance and somatic maintenance according to the Arrhenius function (Figure 6.2). Under extreme starvation conditions the model accounts for the potential state of shrinking, a common mechanism for re-allocating energy from gametes/reproduction to solve energetic demand for maintenance. This mechanism was simulated in our model, but without re-allocation of energy. The model identified this period and gave the output of shrinking state, which was interpreted as a sign of stressing conditions. Shrinking state was defined with 0/1 values, with value 1 indicating when energy mobilized from the reserve did not cover maintenance demand. S6.2.

Forcing environmental conditions 6.3.3 DEB model forcing variables were hourly body temperature and chlorophyll a (chl a) concentrations as a proxy of food availability (Figure 6.2). As the model represents the dynamics of the interaction between the environmental conditions and the organism, the tidal cycle was directly included for determining the feeding behavior, with active feeding only during immersion. Temperature input consisted of hourly body temperature along the entire tidal cycle after considering the topographic effect on solar radiation (intensity and shadows) and wind speed (see Chapter 5). Water surface chl a concentration was extracted from satellite observations and data processing carried out in the framework of the European Union's Copernicus Earth Observation program (https://www.copernicus.eu/fr/propos-decopernicus). An extraction of daily chl-a concentration data at a spatial resolution of 1 km 2 was performed over an area covering the Iroise Sea over the period 2008-2020. The daily data covering an area of 9 km 2 directly adjacent to Le Petit Minou were averaged to form a database for the DEB model simulations. This approach limits the effect of artifacts associated with the proximity of land and reduces the uncertainties associated with the daily temporal resolution. Daily information was then linearly interpolated at hourly time resolution.

Model outputs 6.3.4

DEB model extracted outputs included the hourly dynamics of energy fluxes, including energy assimilation, and energy utilization for maintenance, reproduction, growth and stored as reserve. Besides, several traits were extracted including structural length (Lw), spawning phenology (date of spawning in Julien day), fitness -defined as the number of eggs produced considering the energy stored in one egg-and shrinking state. Long-term cohort simulation outputs included the number of individuals N, after accounting for individual death due to thermal stress (represented by the survival model), reproductive output as the total number of gametes produced at the end of simulations (ten years), final length and total biomass. Cohort fitness was defined as the product between individual reproductive potential and the 50% of number of individuals, proportion corresponding to females, integrated over time.

Data analyses 6.3.5

In order to test the effect of cardinal orientation on the cohort" long-term final fitness at each specific intertidal height, comparisons were performed between: north, east, south and west.

Cardinal orientations groups were defined including a range of angular orientation along the range of slope. Due to the non-normal distribution of the data, a non-parametric Kruskal-Wallis test was first performed followed by a Dunn post hoc test to perform the pairwise comparisons.

Results

DEB model evaluation 6.4.1

Assessment of DEB simulations by comparing observed length-at-age observations and predictions indicated a good performance of the model in the West shore (Figure 6.3). Some variance was observed as expected, but most importantly, the observed wide variability of length at a particular age was coherent with the variability between simulations. Short-term effect of slope-orientation and intertidal height conditions 6.4.2

All predicted individual life-history traits varied depending on the intertidal height but no significant differences were observed among microsites types, i.e. between different slopeorientation combinations in a one-year period (Figure 6 Shrinking state was observed at microsites in the upper intertidal heights (>=5.2 m above LAT) (Figure 6.4B). Reproduction capacity decreased at increasing intertidal height (Figure 6.4C). Spawning phenology was predicted to occur earlier at increasing intertidal, and no spawning was predicted in the two upper intertidal positions (>=5.2 m above LAT) (Figure 6.4D). Regarding the survival probability, a decrease was predicted at increasing intertidal height in all microsite conditions, with a clear increase in variance within each bathymetric level, suggesting a stronger effect of microsites (Figure 6.4E). Long-term effect of slope-orientation and intertidal height conditions 6. [START_REF] Cowley | Historic Aerial Photographic Archives for European Archaeology[END_REF]

.3 on a mussel cohort

The long-term dynamic of a mussel cohort varied depending on microsite orientation and intertidal height. Results of the ultimate number of individuals, total biomass and fitness of the cohort decreased at higher intertidal and towards south-to-east orientation independently of the slope (Figure 6.6). The mean individual fitness was significantly higher at microsites with cardinal orientations west and north with respect to the south and east in the five intertidal heights tested (Figure 6.6). In addition, microsites oriented to the south showed significantly lower fitness than east orientation at the two bottom intertidal heights, 2.9 and 3.5 m above the LAT (Figure 6.6). 

Discussion

Benthic intertidal species have a high tolerance to highly variable environmental conditions, with increasing stressing events toward upper intertidal and mosaic horizontal distribution associated with surface slope and orientation. In this chapter, we evaluated the combined effect of microsite topographic conditions on short and long-term individual traits and population fitness of M. galloprovincialis by linking microsite specific predicted body temperature-history and a mechanistic model of individual energy balance. Results corroborated our predictions about the effect of temperature and food availability on the energy balance to restrict individuals" presence at high intertidal heights, and about a decrease of population fitness in microsites with orientation south and higher intertidal position. Ultimately, an individual's energy balance reaches a breakdown in the upper intertidal, in concordance with field distribution limit observations. Furthermore, the numerical mechanistic modeling approach based on the dynamic energy budget theory showed how the change of individual energy balance along the intertidal gradient affects particularly their growth and reproduction capacity. The potential implications of such results

for the species distribution and its population dynamics are discussed.

Intertidal distribution of mussels and energy balance 6.5.1

Predictions indicated that M. galloprovincialis upper distribution limit in Le Petit Minou site is set by the balance between intake energy and demand to fulfill maintenance cost. The relationship between energy intake and emersion time has been recognized as a potential factor restringing intertidal species distributions (Blanchette et al. 2007). This also explains the strength relationship between effective intertidal level and species upper intertidal distribution limit (Harley & Heltmuth 2003). Harley and Helmuth (2003) observed that the upper intertidal limit of M. californianus and Balanus glandula was related to the effective shore level independently of the substrate orientation or maximum temperature at spatial scales of 10s to 100s meters.

The break of energy balance at the upper limit of mussel distribution seems to be mainly driven by food limitation than by temperature related maintenance increase. This was evidenced by the lack of significant differences in energy balance among individuals with different microsite temperature-history. In coherence with our results, [START_REF] Gilman | Influence of food supply and shore height on the survival and growth of the barnacle Balanus glandula (Darwin)[END_REF] suggested that energy intake limitation (feeding) may influence the location of upper vertical limits in many species. They tested the hypothesis that "individuals living closer to the species' upper vertical limit would show the greatest improvements in growth and survival from supplemental feeding, as those individuals have the most restricted feeding times". They observed no effects of food supplementation on survival of balanus in field experiments, although individuals body mass increased at all intertidal heights. Harley & Helmuth (2003) observed that temperature importance likely increased in warmer sites, when comparing sites at scales of 10s to 100s kilometers. This could also explain the relatively small differences of survival probability observed between microsites with different orientation in our study site, since the study region does not present extreme temperatures and is mostly a temperate area. Similarly, Harley & Helmuth (2003) observed a lower upper limit of distribution in the barnacle B. glandula in warm sites. Individual maintenance would increase in warm sites and their upper intertidal distribution limit would be at lower height if food availability does not increase to compensate for the higher maintenance. This emphasizes the importance of including other sites with different mean conditions for generalizing the patterns observed in our study site.

Potential effects of microsite conditions at population level 6.5.2

The variability of individual traits along the intertidal height and microsite orientations showed to create a heterogeneous population with variable individual size, reproduction capacity and some individuals experiencing shrinking. This heterogeneity is in concordance with the observed traits in the field (Chapter 1). For instance, differences in the energy balance resulted in differences in the simulated spawning phenology of individuals, indicating potential asynchrony of spawning among intertidal heights. Individuals higher in the intertidal would release gametes earlier. Nevertheless, individuals at the top or their distribution range can experience periods of shrinking and consequently do not reproduce as a consequence of not reaching the threshold of GSI necessary for spawning defined in the DEB model. Some period of shrinking must ultimately cause individuals to die and, thus, be a mortality cause at the higher intertidal.

Among microsites, lower cohort fitness resulted from the combination of higher mortality due to long-term thermal stress on south-to-east surface orientations together with a lower individual reproductive capacity at increasing intertidal height. This suggests that population fitness would be lower at high intertidal south oriented microsites, which highlights the importance of topographic structure in intertidal population fitness. Individuals with high survival and reproduction capacity present the highest fitness and will contribute more to the larvae pool for the next generation. Thus, topographic heterogeneity can play a role in the local contribution to the larvae pool of the population. Environmental changes were observed in French coastal ecosystems during the last two decades, with a trend to increase temperature and salinity and/or decrease in chlorophyll a, nutrients and particulate matter depending on the area (Lhaureaux et al. 2021). Based on our results, future changes in temperature and chlorophyll a will modify both components of the population fitness, reproductive capacity and survival. Increase in temperature will increase the probability of mortality by thermal stress, whereas combined increase in temperature and decrease in chlorophyll a will decrease the potential growth and reproductive capacity. Then, these may affect the population fitness and consequently the biogeography of species by modifying their spatial distribution.

Model assumptions and limitations 6.5.3

Our analysis ignores potential differences in the metabolic response during immersion and emersion periods that could lead to disagreement between predictions and observation.

For instance, a potential metabolic depression -red-during the emersion period could lead to a more efficient use of energy reserve as observed in M. galloprovincialis from South Africa [START_REF] Tagliarolo | Sub-lethal and sub-specific temperature effects are better predictors of mussel distribution than thermal tolerance[END_REF][START_REF] Monaco | Climate warming reduces the reproductive advantage of a globally invasive intertidal mussel[END_REF]. We consider that including such metabolic depression could improve the energetic balance and desire further analyses.

In this study, population level processes, e.g., recruitment rate and phenology, were not included and, thus, results must be interpreted as potential long-term response of individuals/cohort instead of a populational response. The individual based DEB approach used here can be linked to population processes for predicting the population dynamics. The impact of several drivers such as food availability and temperature at individual and population level, i.e. across levels of biological organization, have been studied with mechanistic individual based models (IBM). Particularly DEB-IBM models were applied for several marine species (bivalves: [START_REF] Thomas | Assessing the sensitivity of bivalve populations to global warming using an individual-based modelling approach[END_REF], Thomas et al. 2020;fishes: Accolla et al. 2019[START_REF] Vaugeois | Population context matters: Predicting the effects of metabolic stress mediated by food availability and predation with an agent-and energy budget-based model[END_REF]. IBM allows the inclusion of rules driving interindividual relationships and its consequences on individuals" behavior and/or environmental conditions such as food availability, e.g., decrease of food availability under high densities of organisms (see [START_REF] Accolla | A Review of Key Features and Their Implementation in Unstructured, Structured, and Agent-Based Population Models for Ecological Risk Assessment[END_REF]) for a review comparing structured, unstructured and IBM models).

Results at long-term must be interpreted with caution since simulations were performed with repeated annual environmental conditions, whereas interannual variability in food availability and temperature (both air and water temperature) may affect the cohort development. Fluctuating conditions are important for the physiologic response and consequent survival probability to thermal stress [START_REF] Marshall | Whole-organism responses to constant temperatures do not predict responses to variable temperatures in the ecosystem engineer Mytilus trossulus[END_REF]. Thus, its effect on the variability of survival probability modeled here should be tested, although it may require multiple experimental treatments. Alternatively, knowing and representing the mechanism by which temperature stress accumulation affects individuals" performance and its ultimate survival would represent a better option. Particularly because it could be used for testing their response under different temperature-histories with mechanistic model simulations.

Due to the potential high spatial variability in waves and splash [START_REF] Wethey | Predicting intertidal organism temperatures with modified land surface models[END_REF], which were not considered in the prediction of body temperature (for details see discussion in Chapter 3), the modeling strategy should result in more uniform outputs than observed in the field. These small-scale differences in water dynamics could create differences in body temperature and feeding (immersion) periods, besides a potential direct effect on growth rate [START_REF] Mcquaid | The effects of within-shore water movement on growth of the intertidal mussel Perna perna: An experimental field test of bottom-up control at centimetre scales[END_REF]. Nevertheless, excluding such factors would simplify the interpretation of our prediction results, focusing on the topographic effect and differences between microsites.

Conclusions

Our results quantitatively demonstrated the effect of food availability and temperature-history across microsites differentiated by slope-orientation and intertidal heights conditions. Food availability determined by intertidal height due to immersion time gradient plays a major role on the individual"s physiological performance, i.e., higher reproductive capacity and growth, and survival due to shrinking periods. Consequently, it was predicted that individuals' energy budgets preclude species presence at upper intertidal, whereas the thermal stress could represent a mortality source for the population. Besides, at population level, mortality by thermal stress was the major determinant of population fitness among microsites. This indicates that changes in temperature and food availability will potentially impact population fitness and consequently their biogeographic distribution. Furthermore, our results explicitly demonstrate how microsite differences in combined intertidal height and orientation features could determine the contribution of individuals to the population fitness. Available microsite conditions would vary between sites as demonstrated in Chapter 2 and, thus, need to be considered when assessing the effects of climate change on intertidal species. We did not consider the potential negative feedback of thermal stress on the species performance and could therefore underestimate the fitness variability. To this respect, including the thermal stress damage inside the DEB model would improve predictions. DEB models accounting for damage accumulation due to toxic compounds have been developed (e.g., [START_REF] Ashauer | New Ecotoxicological Model To Simulate Survival of Aquatic Invertebrates after Exposure to Fluctuating and Sequential Pulses of Pesticides[END_REF]) and should guide the inclusion of thermal stress damage on the existing DEB model used here. Such a potential model would not only improve the predicted energy balance but would also allow to represent the mortality associated with thermal stress in a more mechanistic way than the empirical approach applied here.

Supplementary material

Figure S6.1 Sampled microsite replicates number (A) and the corresponding thermal stress conditions, represented as mean (B), minimum (C) and range (D) of predicted survival probability, in all the microsite types modeled, which included different slope (radial y-axis, increasing from center to border) and orientation (angular axis, clockwise; North at degrees) combinations at different intertidal height (indicated at bottom) from 2.9 to 5.9 m above the LAT). The objective of this thesis was to assess the patterns and processes acting at within-site scales that determine the realized habitat and distribution dynamic of a mussel population of Mytilus galloprovincialis in an intertidal rocky shore. I adapted and combined existing and novel approaches to address different organization and spatio-temporal scales (Chapters 2-4).

This strategy included: classical field quadrat sampling; remote sensing surveys; the coupling of biophysical modeling approaches (intertidal microclimate, heat budget model of body temperature and Dynamic Energy Budget; chapters 3-5); and a novel model of thermal stress accumulation based on experimental datasets from the published literature (Chapter 5).

This"interplay between the real and the abstract worlds" is a way "to improve our understanding of the real world" [START_REF] Kooijman | Models in stress research[END_REF]. The interplay between observations and predictions improves our understanding because, differently from describing only observed patterns, models explicitly reproduce processes and, therefore, bring interpretation and allow substantial conclusions. Overall, this multi-approach and multi-scale strategy was fundamental for inferring and quantifying the link and stretch of individual-and populationenvironment relationships, as well as the processes driving factors behind such relationships.

The results of this thesis provide some understanding or open questions regarding ecological topics, namely:

1. Synthesis of processes and drivers determining the intertidal range and optimum of vertical distribution.

2. Role of thermal suitability of microhabitats in mussels" occupation patterns.

3. New insights for improving large-scale population models

1-Synthesis of processes and drivers determining the intertidal range and optimum of vertical distribution

The upper limit of distribution of intertidal species is assumed to be driven by physiological stress and feeding time [START_REF] Connell | The Influence of Interspecific Competition and Other Factors on the Distribution of the Barnacle Chthamalus Stellatus[END_REF][START_REF] Wethey | Geographic limits and local zonation: the barnacles semibalanus (balanus) and chthamalus in new england[END_REF][START_REF] Wethey | Sun and Shade Mediate Competition in the Barnacles Chthamalus and Semibalanus: A Field Experiment[END_REF], Harley & Helmuth 2003b[START_REF] Gilman | Influence of food supply and shore height on the survival and growth of the barnacle Balanus glandula (Darwin)[END_REF]. My simulations mechanistically demonstrated and quantified how environmental factors act on individual physiology along the intertidal range and ultimately determine the upper limits of mussels" distribution (i.e., its realized niche).

Energy limitation depends on the amount of available energy from food as well as on the required energy to cope with metabolic demand, prioritizing maintenance costs modulated by the temperature (Chapter 6). Both energy acquisition and metabolic costs need to be balanced. I showed that an increase of maintenance energy costs associated with the temperature was "negligible" compared with the decrease in energy acquisition from the lower to the upper limit of the intertidal range. Thus, the main environmental conditions driving the upper limit of distribution in the studied site was feeding (assimilated energy during immersion time). By combining simulations accounting for the range of thermal stress and immersion rates regarding mussels' intertidal distribution, I demonstrated that the upper limit corresponds with the height at which energy limitation occurs at individual scale. The relatively low thermal stress predicted supports this conclusion of a secondary role of temperature in the individual energy balance (Chapter 5). This finding about the primary role of feeding gives new insight on the relative importance of thermal physiology in determining the distribution limit of mussels. However, this must be modulated by the fact that my study site cannot be considered as having extreme thermal conditions with regard to the sensitivity of the species.

From a conceptual point of view, my results about the role of energy balance in setting the upper intertidal limit of mussel distribution complemented the actual information about the conditions constraining its realized niche. Along a latitudinal gradient, more combinations of food availability and temperature conditions will result from variation of time of low tides combined with solar radiation and solar zenith angle. For instance, low tides are generally about midday for spring tides in French Brittany [START_REF] Monsinjon | Weather and topography regulate the benefit of a conditionally helpful parasite[END_REF]). Thus, some places will be exposed to higher heat shock stress than others. Differences between sites may be of the same order of magnitude as the differences I measured at my study site along the bathymetric gradient. This diversity of thermal and feeding conditions would lead to various upper limits in the distribution of mussels, which can be summarized as a response surface (Figure 1). Assuming a constant immersion time (i.e. a given feeding condition), warmer areas would exhibit a decrease in the upper limit of species intertidal distribution (Figure 1). The opposite situation, among areas without differences in temperature conditions, the upper limit of distribution may be higher in higher food availability areas (Figure 1). In this context, a major role of temperature instead of food availability, as in our temperate study site, could occur only if food availability is not large enough to fulfill the bioenergetic cost of temperature.

Figure 1 Conceptual scheme of the upper limit of mussel population intertidal distribution as a function of the thermal stress (y axis) and food availability (x axis). Intertidal upper limit distribution increases from top left to bottomright scenarios depicting the gradients from warmer low food availability sites to relatively low temperature high food availability sites.

The conceptual surface response of upper limit intertidal distribution as a function of temperature and food availability conditions may also work for evaluating climate change consequences in the zonation of intertidal species. In extreme situations, areas experiencing a large change in upper limit due to changing conditions could experience local extinctions [START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF][START_REF] Harley | Climate Change, Keystone Predation, and Biodiversity Loss[END_REF]) by loss of intertidal surface availability in a "populational optimum" (Chapter 6). DEB bioenergetics models allow the integration of multiple drivers (i.e. food, temperature) and constitute a valuable approach in such a context of species distribution modeling. By decoupling both stressing factors, it is possible to assess the upper distribution range depending on a range of food/temperature conditions to produce a realistic response surface.

Regarding the lower intertidal limit of species distribution, recognized factors are biotic interactions such as predation and competition for space [START_REF] Rius | Wave action and competitive interaction between the invasive mussel Mytilus galloprovincialis and the indigenous Perna perna in South Africa[END_REF], 2009[START_REF] Moritsch | Expansion of intertidal mussel beds following disease-driven reduction of a keystone predator[END_REF] or waves and sand dynamics [START_REF] Zardi | Sand and wave induced mortality in invasive (Mytilus galloprovincialis) and indigenous (Perna perna) mussels[END_REF][START_REF] Bagur | Physical rather than biotic factors set the lower limit of mussel beds in a horizontal rocky intertidal platform[END_REF]). Although I have not evaluated nor measured these factors, evidence of higher loss of area in the lower intertidal in the West shore, not explained by thermal stress mortality, supports the idea of waves dynamics (Chapters 4 and 5). Low intertidal shore faces higher wave height [START_REF] Gaylord | Detailing agents of physical disturbance: wave-induced velocities and accelerations on a rocky shore[END_REF], which was corroborated to occur in the studied region during summer and winter [START_REF] Burel | Wave height vs. elevation effect on macroalgal dominated shores: an intercommunity study[END_REF]). Further research is needed to test this hypothesis of wave action in setting the lower limit of mussels distribution in the studied area and will be proposed in the Perspectives.

It remains to be demonstrated that the combination of temperature stress, food availability, predation pressure, waves and sand dynamics could explain the observed unimodal occupation rate distribution. Food limitation and thermal stress act in the opposite direction than waves, sand stress and predation pressure. A balance between them would allow a better development of the population in the middle of its intertidal distribution range.

In addition, I speculate that there is a higher net recruitment rate among this population optimum as result from the observed positive relationship between recruits density and individuals density combined with the higher total covered area. That is, the population optimum zone could depict a positive feedback. In this zone, a higher occupation rate would lead to a higher recruitment rate and would allow to maintain a higher covered area compared to the edges of the intertidal area.

2-Role of thermal suitability of microhabitats in mussels' occupation patterns

My results showed that differences in area of suitable microhabitat based on thermal stress explain the differences in mussels" occupation rate between shores. The two rocky shores studied showed a great difference in mussels covered area with higher coverage in the East shore, which had a lower surface with microsites oriented to the south compared to the west shore. This suggests the possibility of a higher surface of thermally suitable microhabitats in the East shore, experiencing less stressing events (chapters 4 and 5). My results highlight the crucial value of a spatially-explicit description of thermal conditions, compared to punctual temperature measurements. This is important because temperature variability in a rocky shore has to be considered along three dimensions: 1) the temporal dimension, 2) the vertical dimension along the intertidal height gradient, and 3) the horizontal dimension among microsites with variable slope and orientation. This spatio-temporal variability shape two main components that characterize the entire rocky shore. First, the amplitude of temperature variability, which gives an idea of the magnitude of potential thermal stress, and second the amount of area with these specific conditions (Figure 2). South oriented microsites showed a higher potential thermal stress with consequences on individual"s survival and ultimate population fitness (Chapters 5 and 6) and partly explaining the observed higher mussel cover area in the East compared to the West. Jointly to the thermal suitability of microhabitats, I also mentioned the wave stress. The East shore showed lower loss of covered area, which was likely associated with wave stress as discussed before (Chapter 4). In fact, both drivers can act concomitantly, i.e., temperature drives the energy balance, which in turn determines resistance to wave stress [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF][START_REF] Sebens | Estimation of fitness from energetics and lifehistory data: An example using mussels[END_REF][START_REF] Roberts | Resource allocation to a structural biomaterial: Induced production of byssal threads decreases growth of a marine mussel[END_REF]. Then, lower wave stress and higher thermally suitable surface may allow the higher covered area observed (Chapter 4).

Figure 2 Schematic representation of the two components of thermal conditions of a rockyshore, magnitude of stress and quantity of surface with such conditions. The magnitude of potential thermal stress is indicated with color and correlated with the orientation of the substrate as predicted in chapter 5. The second component, the surface with these specific conditions, is indicated with the depth of the pie portion. West shore has a higher surface with microhabitats with higher magnitude of thermal stress (orientation to southeast) and the opposite occurs in the East shore, where most of the surface available has relatively low thermal stress (orientation to northwest).

3-Implications for improving large scale population models

This thesis project was motivated by the necessity of assessing how within-site heterogeneity of habitat matters for predicting the response of benthic intertidal rocky-shore species under climate change scenarios. The recent generic model for mussel species with this purpose was developed by my research group and recently published by Thomas et al.

(2020), hereafter called Thomas" model. It is a process-based and generic model that integrates: "1) at the individual scale, interactions between the environment, metabolism and ontogenic transitions; 2) at the habitat scale, competition for space at settlement and mortality; and 3) at the regional scale, larval dispersal and connectivity between habitats" (Thomas et al. 2020). Based on the results from this thesis, there are some aspects of the population dynamics and distribution that are affected by within-site environmental heterogeneity. In this section I will discuss these aspects and suggest actions that could improve the existing model and which could guide future directions through a better understanding about the response of species distribution in a climate change context.

1.

The high variability of individual traits related to fitness, i.e., growth, reproductive capacity and maintenance, along the intertidal height suggest the interest of considering intertidal height or immersion time. The mussels population in Le Petit Minou site showed to be distributed between 3.3 and 5.8 m above LAT corresponding to an approximate mean immersion time of 45% (at the mid of their distribution height range). This has a significant impact on the acquisition of energy by individuals and therefore on their energy balance. For example, Thomas et al (2020) used an average immersion time of 70% which implies a significant difference regarding our observations. The mean immersion time would actually depend on local characteristics of the potential habitat and should be taken into account in the metapopulation model.

2.

I showed that mortality by lethal and sublethal thermal conditions can be an important source of mortality and greatly affect population fitness in the long-term (Chapter 6).

Sublethal effects of temperature can be particularly important in climate change scenarios, where heat waves are predicted to increase in frequency and intensity [START_REF] Meehl | More Intense, More Frequent, and Longer Lasting Heat Waves in the 21st Century[END_REF]. As represented in the model of survival to thermal stress, the temperature history is very important for mortality events due to cumulative thermal stress damage (Chapter 5).

Some studies have applied a tolerance limit to determine the mortality of individuals when temperature overpasses this threshold. Nevertheless, based on my results of temporal variability in microclimate temperature (Chapter 1), I suggest that taking into account extreme maximum or average daily maximum only will underestimate the effect of long periods at sublethal temperatures as previously suggested by other authors (e.g. [START_REF] Gilman | Influence of food supply and shore height on the survival and growth of the barnacle Balanus glandula (Darwin)[END_REF]. A more mechanistic formulation of thermal stress consequences in survival could be linked to the energy balance in the DEB model and would constitute a very interesting perspective (see Perspectives section).

3.

I observed a highly variable settlement and recruitment success at within-site scale, with a particular association with the individual density of fully covered areas. This direct relationship between recruits density and individual density as already suggested by other authors. A quantitative analysis permitted to formalize this relationship in a quantitative relationship that can be used to parameterize the model at large scale. Associating the relationship between adult density and recruits density would serve to set the rules of space occupation.

4.

I showed that only ~4 and ~14% of the intertidal area (between 0-8 m above LAT)

were occupied by mussels in the two studied rocky shores in Le Petit Minou. The limited quantitative information about the factors controlling the realized habitat at local-scale and high resolution reduces our ability to restrict the occupied area and, therefore, to realistically reproduce the observed occupation rate. One solution would be to assess whether this percentage is highly variable in other sites or may be considered as a constant value. This opens a new avenue for future scientific actions to mechanistically compute the occupation rate.

5.

My results about the role of the energy balance in setting the upper limit of the realized habitat give new insight on the available habitat and, therefore, could improve predictions of individuals performance and population response. The conceptual bases for determining the upper limit could follow the surface response discussed in section 1.

Incorporating the delimitation of the upper distribution limit would require mapping the bathymetry of the intertidal area at a high resolution along the entire coast modeled by Thomas et al. (2020). Bathymetric maps of coastal environments are available at about 1m resolution for the Brittany region (Lidar data acquired within the Litto3D program, available from the SHOM -Hydrographic and Oceanographic Service of the Navy-). Nevertheless, including this spatial resolution in Thomas" model is likely impossible due to the increase in computational capacity required for it. I suggest that combining the high resolution bathymetric distribution with thermal stress and feeding conditions from at least several sites along the entire region could serve for calculating the upper limit at these sites and then interpolate them along the entire coast.

6.

Another option for restriction of available habitat could be to estimate the available surface based on the high resolution bathymetry, defined as the total surface available between the upper limit and an observed or imposed lower limit of distribution. No available surface will result in areas where the substrate available show intertidal heights above or below the upper limit of the species distribution. As I demonstrated, the vertical range of the "population optimum" is restricted to a specific range of the intertidal area. This implies that the potential for mussel population to produce extended aggregates will depend on the complexity and slope of the intertidal rocky shore which will offer a variable surface area in this range. This procedure would require more time for processing the high resolution bathymetry but could give accurate results to use as input of available habitat in Thomas" model.

Finally, the dataset produced in this thesis combines information across the spatial, The results from my thesis bridged complementary information for better understanding the distribution and dynamics of rocky-shore mussels at local scale. Yet, some processes acting on the dynamics of covered area loss need further research to provide a generic framework and to explain the population dynamics in different environmental contexts. In order to better understand the population dynamics, we need to use robust approaches, to improve existing models integrating the main processes and drivers and to test and validate model predictions with appropriate data. Here, I propose four concrete research actions to specifically address these aspects: 1) increase the robustness of body temperature predictions and survival probability to thermal stress of M. galloprovincialis and generalize the approach for other species, 2) account for the effect of temperature in a mechanistic generic approach, 3) develop a mechanistic model of occupancy and aggregations dynamics for testing the relationship between individual scale processes and the population scale dynamics by integrating the processes and drivers identified in this thesis, 4) perform remote sensing surveys to monitor the long-term changes of mussels distribution and its main drivers.

temporal

I-Robustness of body temperature and its related survival predictions

In an attempt to give reliability to model predictions, I have assessed the accuracy of microclimate predictions and the results showed a good concordance justifying its utility for spatio-temporal predictions (chapter 3). Microclimate predictions showed the typical mosaic spatial distribution of environmental temperature. This mosaic of temperature was then combined with the downscaled mosaic distribution of other microclimate conditions, wind shear and solar radiation, to predict mussels body temperature at each hour. Each of these factors is influenced by the topographic configuration in a different way resulting in different mosaics that do not necessarily have the same pattern (i.e. patterns that do not overlap). Then, body temperature depends on a series of relationships between topography and each of the factors that interfere in the heat transfer and which relationships are variable in space (meso and micro-scale) and time (daily, seasonal, annually). We should therefore perform sensitivity tests to understand more about these relationships and test which of the environmental factors (solely or combined) mainly influence the body temperature.

Body temperature can be highly variable depending on spatio-temporal specific combination of conditions. That is, even at relatively high solar radiation, body temperature can decrease considerably due to the wind velocity and humidity conditions [START_REF] Helmuth | Thermal Biology of Rocky Intertidal Mussels: Quantifying Body Temperatures Using Climatological Data[END_REF].

Consequently, it would also be desirable to perform a spatial and temporal validation of our predictions of mussels body temperature at Le Petit Minou site. The next step would therefore require to make local measurements of mussels body temperature and to compare observations with my simulations. Observations of body temperature can be obtained from manual measurements of real individuals, measurements from mussel biomimetic sensors, also called robomussels, or from analysis of infrared thermography. Observations should be performed ideally during variable weather conditions (solar radiation, wind speed and direction). Another way of validating body temperature predictions could be to perform the entire modeling approach in areas where temperature data is already available (e.g. [START_REF] Helmuth | Long-term, high frequency in situ measurements of intertidal mussel bed temperatures using biomimetic sensors[END_REF][START_REF] Scrosati | Half-hourly changes in intertidal temperature at nine wave-exposed locations along the Atlantic Canadian coast: a 5.5-year study[END_REF]). Biomimetic sensors have been widely used during the last decade and information is available worldwide (reviewed in [START_REF] Judge | Recent Advances in Data Logging for Intertidal Ecology[END_REF]. Particularly, the existing databases on the northeast french coast (Seabra et al. 2011, 2015[START_REF] Monsinjon | Weather and topography regulate the benefit of a conditionally helpful parasite[END_REF]) could be used to compare observations with simulations of the intertidal microclimate developed in this thesis. This would not only allow us to test the accuracy of predictions but also to evaluate the potential differences between sites.

The effect of temperature on the survival of individuals showed to be important for population fitness in the long-term (chapter 5). Then, it would be desirable to ensure the reliability of this model for being applied in other sites or temperature scenarios. To this respect, there were some assumptions for adapting the model of survival to thermal stress to M. galloprovincialis that should be assessed for increasing the reliability of my predictions.

First, I have assumed that the effect of temperature damage accumulation was independent from the temperature-histories. Experimental treatments reproduce the exposure of individuals to a specific temperature during a specific period of hours, whereas in the field, the temperature can vary with different patterns, i.e., not necessarily follow the temperaturehistory applied in the experiments (e.g., an increase followed by a stable temperature and later decrease again). In order to test this assumption, a validation of survival probability predictions would be desirable. The comparison of simulations with field observations and experimental studies could be used to test the survival model. Maybe the most concrete and short-term research actions could be to run the survival model to reproduce already identified mortality events during temperature stressing conditions. For instance, a hindcast simulation with the forcing temperature and food availability conditions during 2018 in the North of France area should predict the mass mortality events registered by Seuront et al. (2019). This will allow us to assess the consistency between predictions and observations. Besides, performing a similar hindcast simulation by integrating the spatial intertidal microclimate simulation of body temperature (which would require including DEMs of target areas where mussels mass mortality were observed) could assess the potential of the entire method for predicting such mortality events and their spatial extent. On the other hand, experimental studies design should include variable temperature-history, as suggested by [START_REF] Marshall | Whole-organism responses to constant temperatures do not predict responses to variable temperatures in the ecosystem engineer Mytilus trossulus[END_REF], and may account for variable food availability, which may drive the capacity of individual reserve energy to face thermal stress [START_REF] Torossian | Physiological and biochemical responses to acute environmental stress and predation risk in the blue mussel, Mytilus edulis[END_REF].

Second, I selected the temperature threshold according to the Arrhenius temperature curve of both species assuming that the survival response between species is similar and only their threshold of sensibility varies. The temperature threshold is a sensitive parameter and different thresholds can result in different survival distributions (chapter 5). There is an increasing amount of information about the effect of temperature on individuals' survival for mussels and other species (e.g., [START_REF] Wang | The impact of acute thermal stress on green mussel Perna viridis: Oxidative damage and responses[END_REF][START_REF] Torossian | Physiological and biochemical responses to acute environmental stress and predation risk in the blue mussel, Mytilus edulis[END_REF]. I suggest that the reanalysis of this existing data with the framework of my survival model, i.e, based on thermal damage accumulation measured as degrees accumulated over a threshold, would provide fundamental information for testing the assumption about a similar specific response.

II-Mechanistic formulation of thermal stress damage in the DEB model

We still have an endeavor to "accurately" predict the effect of temperature on individuals' survival. Necessary work lies ahead to link the complex relationship between physiological response to temperature stressing conditions, e.g., the production of heat-shock proteins and its energetic cost, and the consequences on individuals' ultimate survival. With the goal of reproducing the effect of temperature on organisms' survivorship in a completely mechanistic approach, further studies should include the thermal damage accumulations in the DEB theory model. This means to integrate the increase of energetic demand associated with a thermal "damage" response, e.g., repairing and replacing heat-denatured proteins, and its consequent reduction of reserve energy for metabolic processes and survival. This will allow us to mechanistically reproduce the effect of stress accumulation and recovery process.

Hence, we could reproduce the observations made by Seuront et al. (2019) and other authors regarding the effect of consecutive hours/days of thermal stress.

In the DEB model, the "aging" simulates the accumulated damage caused by Reactive Oxygen Species (ROS) production linked to the metabolic rate, which indirectly captures the temperature effect on individuals' survivorship. High temperature increases metabolic rates and consequently "aging", increasing the probability to die and decreasing the lifespan.

Nevertheless, it does not explicitly consider the energetic cost of subcellular processes for repairing and replacing heat-denatured proteins, etc, during thermal stress. Damage accumulation effect models have been developed in studies of species response to toxic compounds exposure such as pesticides (e.g., [START_REF] Ashauer | New Ecotoxicological Model To Simulate Survival of Aquatic Invertebrates after Exposure to Fluctuating and Sequential Pulses of Pesticides[END_REF]). Mechanisms of individuals' response to any damage likely activate similar or analogous responses regarding protein production and immune response. A specific DEB model including the energetic cost associated with species response to chemical stress, DEBtox, has been proposed by [START_REF] Kooijman | On the dynamics of chemically stressed populations: the deduction of population consequences from effects on individuals[END_REF], and currently included in a general unified threshold model of survival (GUTS) [START_REF] Jager | General Unified Threshold Model of Survival -a Toxicokinetic-Toxicodynamic Framework for Ecotoxicology[END_REF]). These process-based models take into account two critical processes: "what the body does to the chemical" and "what the chemical does to the body" [START_REF] Spurgeon | Systems toxicology approaches for understanding the joint effects of environmental chemical mixtures[END_REF][START_REF] Benfenati | Developing innovative in silico models with EFSA"s OpenFoodTox database[END_REF]. Regarding temperature as an external factor causing damage, research direction should focus on understanding these two processes.

Despite the potential analogies between the metabolic response to chemical compounds and to temperature stress, there are few studies focussing on the effect of temperature on survival capacity. Then, DEBtox models structure could guide the strategy for including thermal stress damage in the energetic flows of intertidal mussels and other species. This generic model could be applied in different environmental contexts, e.g., different sites, and species to evaluate which drivers or processes are responsible for the generally variable response of species on different environments, and how general trends vary between species.

III-Toward a mechanistic model of occupancy and aggregations dynamics

A higher loss of covered area was observed in the West shore compared to the East shore (Chapter 4). The loss of area due to individual mortality results from the combined constraints of trophic and temperature factors that act at individual scale and at the scale of aggregates itself (e.g., mechanical dislodgement by waves). Besides, aggregates characteristics are spatially variable (Chapter 1) which can also affect their dynamics (e.g., individual density affects recruitment rate). All these results showed the likely strong relationship between the individual scale processes and the dynamics in terms of covered area. Then, a perspective is to integrate the different processes affecting the population distribution dynamics in order to quantify the impact of environmental constraints. For instance, such a model would help to elucidate the relationship between the higher thermal stress simulated in the West shore and the high mortality observed in this shore (Chapter 5).

My analyses indicated a potential relationship between thermal stress and mortality of individuals, although the high loss area at lower intertidal suggested a major role of waves actions in the covered area loss. Nevertheless, particular evidence of a potential thermal stress event during summer followed by high waves were observed during the studied year. High temperatures can affect the energetic balance and cause weak attachment and predispone mussels aggregations to experience dislodgement during high wave stress. This raised the hypothesis of a combined and interacting effect of these factors with resulting high area loss (Chapter 4). The perspective of integrating the different processes affecting the population distribution dynamics must combine the effect of waves and thermal stress (see discussion of Chapter 4).

Patches dynamics have been studied at local scale by field observations and photo quadrat temporal analyses [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF]. [START_REF] Carrington | Seasonal disturbance to mussel beds: Field test of a mechanistic model predicting wave dislodgment[END_REF] explained the observed dynamics by applying a model that predicts dislodgement when lift on a mussel exceeds its attachment force, determined from field measurements. Their observations highlighted that combined low byssus strength during summer coincides with high water force represented by wave height. Despite good prediction performance, this model can not be extrapolated to other sites due to its site-specific seasonal variation of byssus strength. A mechanistic approach to account for the energy cost of byssus production was recently developed by [START_REF] Sebens | Estimation of fitness from energetics and lifehistory data: An example using mussels[END_REF]. They reproduced the bioenergetic dynamics, including the extra energy demand for byssus production, driven by environmental temperature and food availability as in the DEB model applied in chapter 6. More recently, [START_REF] Roberts | Resource allocation to a structural biomaterial: Induced production of byssal threads decreases growth of a marine mussel[END_REF] modeled the "energetic trade-offs between mussels byssus thread production and growth using Scope for Growth framework". They demonstrated that the cost for producing byssal thread can be as high as 47% of daily energy budget. Whereas the model of body temperature spatial dynamics is already available, the DEB model of M. galloprovincialis does not include byssus production energetic cost. Further studies could include byssus production cost in the DEB based on existing experimental information [START_REF] Roberts | Resource allocation to growth and structure: The cost of mussel attachment in a dynamic coastal environment[END_REF][START_REF] Roberts | Resource allocation to a structural biomaterial: Induced production of byssal threads decreases growth of a marine mussel[END_REF]. Linking both processes, waves mechanics stress and thermal physiological damage to simulate the combined effect of waves and temperature could shed light on the direct effect of summer extreme temperatures on population dynamics and long-term persistence.

IV-Long-term monitoring

From a temporal point of view, my results showed a strong decrease of the net surface occupied by mussels (about 30-40% relative to the coverage in June 2019; Chapters 1 and 4).

Counterintuitively with the high dynamics, I showed that some individuals live about 11 years in the study site (Chapter 1). I hypothesize that a high turnover together with the aggregation behavior of mussels allows some individuals to reach such ages. High turnover by recruitment and the growth of individuals maintains the aggregation structure and compensates for the high mortality rates. The aggregation behavior increases the resistance to waves and predation of juveniles (Gutiérrez et al. 2015, Bertolini et al. 2018). Larger, older mussels may over-compete newer members of the patch in terms of feeding and resistance to predation whereas benefiting from the aggregation itself. This idea is in line with the hypothesis about the higher stability of patches associated with the constant crowding structure observed in the field (Chapter 1). This insight on population dynamic has deep implications on population response and distribution under changing environmental conditions.

These high dynamics and particularly the high mortality is generally common in intertidal environments due to the high disturbance caused by waves [START_REF] Paine | Intertidal Landscapes: Disturbance and the Dynamics of Pattern[END_REF][START_REF] Zardi | Sand and wave induced mortality in invasive (Mytilus galloprovincialis) and indigenous (Perna perna) mussels[END_REF][START_REF] Bagur | Physical rather than biotic factors set the lower limit of mussel beds in a horizontal rocky intertidal platform[END_REF]. The recovery of the population will depend on drivers acting at diverse scales, e.g., large-scale larval dispersal and local scale recruitment success, and therefore, may differ among sites. A longer monitoring could help to determine the disturbance dynamic in the study site and other sites from the region to evaluate the persistence of the population. Besides, long-term monitoring could help to identify the main driver/s of such decrease of mussel covered area based on some hypotheses discussed above.

With these objectives, spatio-temporal monitoring of mussels distribution dynamics will be combined with monitoring and analyses of environmental conditions such as wave"s height and temperature. Noteworthy, a register of temporal images at long term and from diverse sites would also provide extensive information about specific population parameters as the ones I calculated, e.g., occupation rate, total covered area, gain and loss area. These datasets will serve for validating Thomas model and calibrating or validating the proposed model of occupancy dynamics (see Perspectives), as well as for developing phenomenological models of mussel bed perturbations similar to the model proposed by Guichard et al. (2003).

My results show that image analyses are suitable for monitoring rocky shore mussel populations in sites with low density of other species overlapping the distribution of mussels, such as in Le Petit Minou site (Chapter 4). Based on my experience, the image quality for species identification would depend on the site structure and community composition. 

INTRODUCTION

For marine species living in intertidal zones of rocky shores, environmental conditions vary from centimeters to hundreds of meters depending on habitat structure. These conditions determine population responses through the metabolic processes, behavior, fitness and survival of individuals. For macrotidal ecosystems, the intertidal height creates a gradient of environmental conditions related to the aerial exposure of individuals, which increases from low to high elevation. Consequently, temperature varies according to the intertidal height, with higher daily average maximum at higher intertidal height (Helmuth et al., 2011). Temperatures also vary daily, depending on topographic features (Denny et al., 2011;Seabra et al., 2011;Dong et al., 2017;Miller & Dowd, 2019;Wang et al., 2020), which creates microclimates (Helmuth et al., 2006;Choi et al., 2019). The mosaic of microclimates on a site can represent higher environmental variability than latitudinal mean temperature comparisons (Denny et al., 2011;Seabra et al., 2015). Therefore, evaluating individual variability and population response at the within-site scale (i.e., from centimeters to hundreds of meters) could improve comprehension and forecasting of population dynamics at higher scales.

A diversity of species is adapted to living in highly heterogeneous rocky-shore habitats, mussels being among the most important (Paine, 1971;Paine, 1974;Menge, 1976). Mussels are engineer species that create habitat for other species (Borthagaray & Carranza, 2007;Arribas et al., 2014) with a wide distribution. The strategy used by mussels such as Mytilus spp. to dominate the intertidal space is their aggregative behavior (Bertness & Grosholz, 1985). Their aggregation structure can be characterized in terms of crowding -how close are individuals -and number of layers (e.g., Guiñez, Castilla & Sterner, 1999), features that vary between sites and species, and have been related to environmental conditions and species mobility capacity (Commito & Rusignuolo, 2000;Gutiérrez et al., 2015;De Jager et al., 2020;Zardi et al., 2021). Mussel aggregation structure conditions the development and survival of young mussels, by increasing survival of recruits living between aggregated adults [START_REF] Bertolini | Habitat with small inter-structural spaces promotes mussel survival and reef generation[END_REF]. It also conditions the stability of entire patches, since it could affect the resistance to dislodgement (Denny, 1987;Gutiérrez et al., 2015;Zardi et al., 2021). Aggregation structure is, therefore, fundamental for the persistence of the population in diverse conditions.

Features of individual mussels and mussel populations have been more frequently examined at regional or latitudinal scales than at the within-site scale. For instance, mussel density and covered area vary between sites and according to intertidal height distribution as a result of complex mechanisms linked to environmental conditions and biotic interactions (Blanchette & Gaines, 2007). Mussel populations also present variation of mean individual size and abundance associated with different growth, likely driven by environmental factors such as food availability, wave exposure and temperature [START_REF] Blanchette | Intertidal community structure and oceanographic patterns around Santa Cruz Island, CA, USA[END_REF]Blanchette, Helmuth & Gaines, 2007;Blanchette & Gaines, 2007;Fitzgerald-Dehoog, Browning & Allen, 2012;Gomes et al., 2018). In the intertidal zone of macrotidal areas, the above-described variability of environmental conditions likely determines the performance of individuals across the intertidal height and depending on the angle of orientation of their rocky substrate. Such variability has been observed at latitudinal scales covering a wide area, but scarce information exists about this kind of patterns at within-site scale.

Monitoring environmental conditions and their relationship with individual response at small-scale across a complete study area remains challenging. We propose to use individual traits and populations parameters as proxies of performance to fill the actual knowledge gap and test new hypothesis. Evaluating patterns of individual traits and population parameters at different hierarchical levels and scales (spatial or temporal) is an important way to infer possible underlying mechanisms (Grimm et al., 2005). Any observation presenting a nonrandom structure, such as the observed structure of individual's disposition in the space (e.g., patches, uniform, etc.) or the temporal dynamics of individual traits (e.g., phenology of reproduction) constitutes a ''pattern''. For instance, the aggregation pattern is likely driven by mechanisms of inter-individual interaction and environmental stress (Van de Koppel et al., 2008;De Jager et al., 2011;De Jager et al., 2020).

In this study, we aimed to study a rocky-shore mussel population at the within-site spatial scale. We hypothesized that the intertidal height and the main orientation of the shore create patterns of traits distribution. Given the hydrodynamics and mixing of the water column at within-site scale, we assumed that all other environmental variables such as food or salinity were spatially homogeneous. We analyzed the patterns of six population parameters: density, biomass, crowding, median individual size, recruitment rate and mortality rate, and four individual traits: growth rate, spawning phenology, maximum size and condition index. Our objectives were [START_REF] Múgica | Season-dependent effects of elevated temperature on stress biomarkers, energy metabolism and gamete development in mussels[END_REF] to test how intertidal height and orientation of the shore affect individual's traits and population parameters, (2) to infer the link between individual and population level features and (3) to explore the possible upscaling mechanisms driving population structure and processes.

MATERIAL AND METHODS

Study site

The study site, known as Le Petit Minou, is located in the bay of Brest, on the western coast of Brittany, France. Le Petit Minou site constitutes a sheltered macrotidal area, which presents a tidal height range of about 6 m (ca. 1-7 m height). It is made of rocky shores on either side of a beach (Fig. 1). The two shores show contrasted mean orientation, the ''East shore'' orientated toward the West-Southwest and the ''West shore'' oriented toward the Southeast (Fig. 1). Mussel patches are sparsely distributed on the West rocky shore whereas they form larger and almost continuous patches on the East rocky shore. Mussel patches consisted of only one layer of individuals in the studied area. Although populations of hybrid individuals are found in Brittany region (Bierne et al., 2003), Le Petit Minou site has been characterized by a dominance of Mytilus galloprovincialis (Simon et al., 2020). 

Mussel sampling strategy

Mussel sampling was carried out on the two rocky shores to either side of Le Petit Minou beach, hereafter referred to as the East and West shores. Sampling was performed monthly from March 2019 to February 2020 by sampling three quadrats (25 × 25 cm) in each shore. The quadrats were positioned to represent different height positions, i.e., a total of 3 quadrats to represent the entire intertidal height gradient, on each shore (West and East). We sampled areas with at least 20-25% of mussel cover in low, mean and high height positions along the altitude range of mussel distribution of each shore (about 1.5 m in the study site). Quadrat location coordinates were recorded using a real-time kinematic (RTK) GPS, with Lambert93 projection. Before sampling, a picture of each quadrat was taken, which was later used to calculate the area of the quadrat covered by mussels by manually delineating the aggregation margins using ImageJ software.

A drone survey was performed with a DJI R Phantom 4 pro in June 2019 to assess the topographic heterogeneity. Drone images were taken at a 17 m altitude with an overlap of 80% between images to optimize the image alignment and produce a relevant digital elevation model (DEM) of the area. We registered multiple reference position points from the mapped area with a RTK GPS to correct for possible distortions in the DEM reconstruction (Jaud et al., 2018). The analysis of drone images and GPS position for the photogrammetric process was performed with Agisoft PhotoScan Pro v1.2.3. Mean aspect, a circular land-surface parameter used to obtain a continuous gradient stressing the north-south or east-west gradient (Olaya, 2009) was calculated in GRASS GIS software. For each shore, aspect was represented as ''northness'' or ''eastness'' by deriving the topographic feature orientation (a sine or cosine transformation, respectively) from the DEM (Olaya, 2009). This approach allowed to extract the quadrat samples height position, northness and eastness at the precise coordinates where quadrats were sampled. Height position was referred to the Lowest Astronomical Tide (LAT; the chart datum used for tides predictions and water height measurements).

Percentage immersion time

The mean daily percentage immersion time was determined along the intertidal height gradient in the study site based on the tidal regime measurements over the preceding 5 years (from January 1, 2015to December 31, 2019) in the study area. Hourly tide gauge measurements of water height at Brest (5 km far from Le Petit Minou) were obtained for the given period from the 'Service hydrographique et océanographique de la Marine' (SHOM; https://data.shom.fr/). These measurements were used to fit a cubic polynomial model to compute the mean percentage of immersion time (%) in relation to intertidal height (m). We then determined the immersion percentage of every sample based on its intertidal height position.

Sample treatment and primary data

Individual biometric measurements

All mussels in the quadrat samples were sorted using meshes to select the individuals larger than 0.05 cm. Individual shell length (SL, mm) of all selected individuals was then measured by image analysis, using ImageJ software. Pictures of the individuals larger than ca. 0.5 cm were taken at 50 cm height using a canon EOS600D camera, whereas those of small individuals (length < ca. 0.5 cm) were performed under a stereo microscope (ZEISS Stemi 508) with a x6.4 magnification.

For each shore (East and West), thirty individuals were subsampled by selecting ten individuals per quadrat representing its whole range of length (>0.5 cm length), each month for biometric measurements: total wet weight (TWW), flesh wet weight (FWW), flesh dry weight (FDW) and shell length (SL). These individuals were measured using a Vernier caliper and weighed. Their dry mass was then obtained after drying at 60 • C for 48 h (until constant weight). Individual condition index was calculated as CI = FDW/SL 3 (Petersen et al., 2004).

Spawning, sex ratio and recruitment

Histological analyses were performed on 10 individuals above 12 mm in length of each shore and date. This minimum length corresponds to the reproductive maturity according to Toro, Thompson & Innes (2002) and Van Haren & Kooijman (1993). Their sex and reproductive stage were determined to characterize the spawning period and sex ratio of the population. The individuals were dissected, and the flesh fixed immediately in Davidson's solution. After 24-48 h, the individuals were transferred to 70% ethanol, where they were stored until their inclusion in paraffin and histological preparation. The paraffin inclusion process was performed with a Shandon Citadel 2000 Tissue Processor and paraffin blocks were prepared with a cross-section of each individual. The blocks were then sectioned in a microtome to obtain 5-µm layers, which were tinted with hematoxylin and eosin. Pictures of the tissues were taken for further individual reproductive stage determination under an inverted microscope (microscope Leica DMIRB) at x25 magnification. To assess the spawning phenology, we determined the spawning/non-spawning stage following Lubet (1959). Results were presented as the proportion of individuals at the spawning stage and non-spawning stages for each sampling date (n = 10).

Recruitment was evaluated by identifying the individuals with shell length smaller than 1.07 mm in every sample. These correspond to the length attained at 1 month based on a von Bertalanffy growth function (Von Bertalanffy, 1938) calculated from parameters estimated from the site data as a whole (see details in the following section). Recruitment was represented as the monthly recruit density in a fully covered area, i.e., dividing the number of recruits by the area of the quadrat covered by mussels (estimated from the image of the quadrat).

Individual growth

Individual growth profile was estimated from the seasonally oscillating von Bertalanffy growth function (soVBGF) parameters (Somers, 1988). The individual length distribution of the population, considering all sampled individuals, was used to estimate the parameters of the soVBGF based on length frequency analysis (ELEFAN, Pauly & David, 1980):

L t = L inf (1 -e (-K (t -t 0 )+S t -S t 0 )
) where L t is length at age t, L inf is the asymptotic length, K is the von Bertalanffy growth constant, t 0 represents the theoretical age when individual length is 0, and S t = CK 2π sin(2π (tt s )). C is a constant representing the amplitude of the seasonal growth oscillation, with higher values indicating higher seasonal contrast/oscillation, e.g., C = 0.5 indicates that growth during the favorable season is increased by 50% (maximum); t s is a fraction of the year where the sine wave oscillation begins (relative to t = 0), i.e., when it turns positive and shifts towards a season when growth is strongest. In the ELEFAN model, length is related to time rather than age, and the time when length is 0, t 0 , can be interpreted as the recruitment time. t 0 takes values from 0 to 1, so 0.5 means a recruitment period in June. Parameter estimation is based on the shell length mode distribution of the population in each shore to account for different distribution shape, in the East and West shores.

The Genetic Algorithm (GA) was applied for the optimization of the fitting process and was implemented with the ELEFAN_GA function from the TropFish package in R software (Taylor & Mildenberger, 2017). The ELEFAN_GA function was applied with a bootstrap approach with 100 resamplings. A first exploration of the best fitting scores of L inf and K parameter combinations was performed by response surface analysis (RSA) on a wide range of L inf (40-140 mm) and K (0.01-1) values. The range of L inf searching values of the final analysis was restricted then according to the first exploration. In the parameter estimation analysis, one important factor is the moving average (MA) setting, which can affect parameter estimation since it determines the number of bins used for the moving average (Taylor & Mildenberger, 2017). A MA of 9 was selected, which corresponds to an approximation of the number of bins spanning the smallest (i.e., youngest) cohort width, as suggested by Taylor & Mildenberger (2017). This MA selection approach was supported by a sensitivity analysis for evaluation of the results from MA values of 3, 5, 7, 9 and 11.

The consistency of L inf and K parameter results from the ELEFAN_GA approach was validated by comparing simulated growth curves with a size-age relationship of a set of individuals based on sclerochronology analysis. For the sclerochronology analyses, the shells of individuals of diverse size (17 individuals from the East shore and 17 from the West) were selected and fixed in resin. A longitudinal cut was performed on the resin block and the resulting shell slice was observed under a microscope to count the annual growth marks to estimate individual age. This gave one age-length point from each individual in the validation step.

We then compared the growth curves between the West and East shores based on the ELEFAN_GA approach since this analysis considered all sampled individuals. We calculated the overall growth performance phi prime (ϕ') from the estimated K and L inf (Munro & Pauly, 1983) for the West and East shores separately, following the equation:

ϕ = log 10 (K ) + 2log 10 (L inf )

Mortality rate

The age of individuals on the West and East shores was estimated based on their length and the von Bertalanffy growth curve to obtain the age class distribution. From this, the average mortality rate was estimated for each sample as in Blicher, Sejr & Høgslund (2013), by applying a negative exponential mortality model to the population age distribution:

N t = N 1 e -Zt
were N 1 is the number of mussels (ind m -2 ) in age class 1, N t is the number at age t, and Z the mortality rate. To avoid bias due to the variability in recruitment density, age class 1 was excluded.

Biomass, density, crowding and potential fecundity

It is worth mentioning that, in this study, we did not evaluate the covered area as a parameter but we evaluated the structure of the covered area inside the quadrat with diverse population parameters such as biomass, density, crowding, and others derived from biometric traits of individuals (e.g., median shell, see next section). It means these parameters do not represent the real densities or biomass of the entire site but standardized values representing the aggregate composition.

The total biomass of each individual was estimated based on the allometric relationship between SL and TWW, TWW = a SL b . Parameters a and b were estimated by a nonlinear least square function approach applied to the ensemble of biometric observations (n individuals = 720) (R software, nls function). Then, total biomass per square meter was obtained from the sum of individual TWW (kg) and the percentage of covered area of each sample, determined from the image of the quadrat:

Total biomass (kg m -2 ) = where TWW is the total mass of each mussel in the quadrat, CC is the 'proportion of covered area', i.e., the proportion of the quadrat covered by mussels, and QA is the quadrat area = 0.0625 m 2 . Similarly, density was obtained by dividing the total number of individuals in a quadrat by the mussel-covered area. To examine variations in mussel crowding along the intertidal height gradient, between shores and its relationship with population density and median individual length, a novel ''crowding index'' was derived. It was defined as the ratio between the observed covered area, corresponding to the visually observed area from the picture analyses (Fig. 2), and the cumulative sum of the basal area of all individuals, derived from the biometric relationship: individual basal area = L 1.8 L 2.4 (Alunno-Bruscia, Bourget & Fréchette, 2001), without including recruits. This makes it possible to represent the spatial crowding of individuals inside a patch. A ratio equal to one indicates perfect equivalence between the covered basal area and the observed covered area. Values higher than 1 indicate patches with a high degree of crowding among individuals (Fig. 2A), and values lower than 1 correspond to lower crowding and consequently greater space between individuals (Fig. 2B). Our crowding index quantifies the overlapping degree between individuals of a monolayer aggregation occurring in the study site and is original compared to other approaches (e.g., Guiñez, Castilla & Sterner, 1999).

Finally, the potential population reproductive output was estimated as the quantity of eggs released per square meter considering:

• 1:1 sex ratio, • the mean mussel size distribution on each rocky-shore, • the contribution of mature individuals (shell length > 12 mm, Van Haren & Kooijman, 1993;Toro, Thompson & Innes, 2002),

• a fecundity of 28% dry mass (Van der Veer, Cardoso & Van der Meer, 2006),

• and the egg quantity -mass equivalence: 10 6 eggs = 52.5 mg (Bayne, Gabbott & Widdows, 1975).

Statistical analysis

To identify dates where the frequency of spawning individuals differed between the shores, a G-test of independence was performed between West and East rocky shore areas for each sampling date. A Chi-squared test was performed to test whether the population had a 1:1 sex ratio over the entire study site. Statistical analyses were performed considering the independent variables: (i) West and East shores (i.e., between-shore differences), (ii) date (i.e., temporal variation), and (iii) intertidal height (in meters, continuous variable). We evaluated the effects of these variables on each population parameter and individual trait (listed in the introduction) by applying general linear models (LM) and a generalized linear model (GLM) in the case of condition index. To fulfil the assumptions of homogeneity of variance and normal distribution of residuals for linear models, a log(base10) transformation was applied to the density of individuals. The homogeneity of variance of groups was verified using the Levene test with leveneTest function (car package; Fox & Weisberg, 2019) and visual observation of the residuals versus fitted values. The normal distribution of residuals was verified by their quantile distribution and a Shapiro test of normality using shapiro.test function (stats package; R Core Team, 2020).

A GLM was performed to test the condition index (CI) using the glm function of the stats package (R Core Team, 2020), with a gamma family and the link function: log, which allows fitting count data with high dispersion. The lsmeans function (lsmeans package; Lenth, 2016) was used to perform all pairwise comparisons using a post-hoc Tukey tests with an adjusted p-value and alpha of 0.05.

The spatial variation of the instantaneous mortality rate was tested both along the intertidal height gradient and between the West and East shores, as was the interaction between these factors. This was performed by applying a general linear mixed model (LMM) with log10 transformed response variable and sampling date as a random factor using the lmer function (lme4 package; Bates et al., 2015). The effect of adult density on the recruit density was also tested in addition to the effect of shore, date and intertidal height. One LM was done with all these independent variables and a second with the significant factors, adult density and date to identify the months with significant differences.

Finally, the significance of the relationships between crowding index and the population parameters density, median individual length and shore (East/West), were analyzed using a LMM. Density of individuals and median individual length were considered as fixed factors and date as a random factor. The assumption of the normal distribution of residuals were verified with a Shapiro-Wilk normality test. For this analysis, density and median length of population size distribution were calculated without including recruits because the latter do not contribute greatly to crowding. 

RESULTS

Intertidal height range and immersion percentage of mussel samples

The samples covered the entire intertidal height gradient on both West and East shores, ranging from 3.55 to 5.09 m, corresponding to a yearly-averaged immersion time varying from 34.47 to 61.16% (Fig. 3). The West shore showed mussel patches along almost the whole of this intertidal height range, whereas the East shore reached the lower limit of mussel distribution at a higher intertidal height (4 m). The orientation of samples on the two shores presented significant differences in eastness and northness features. The samples from the West shore were mainly orientated toward the south and almost perpendicular to the east, whereas the East shore samples were oriented to the west and almost perpendicular to the north-south axis (Fig. S1).

Condition index, spawning, sex ratio and recruitment

The sex ratio was not significantly different from 1:1 according to a Chi-squared test. The condition index (CI) was only significantly higher on the West shore than on the East shore in August, and there were some significant differences between dates depending on shore (Tables 1, S1, Fig. 4A). CI was significantly lower during March-April 2019 and February 2020 on the West shore, and during March 2019 and February 2020 on the East shore, compared with the period June-September 2019 (Fig. 4A, Table S1). Furthermore, CI was not significantly related to the intertidal height (Tables 1,S2). The temporal variation of CI was consistent with the variation in reproductive stage of individuals, with significantly lower CI during the spawning periods (Fig. 4, Table S2). The proportion of individuals at the spawning stage varied through the year with two main periods of increase during March-May and September-November, with some differences between the West and East shores during the second period (Fig. 4B). Differences between the shores were revealed by G-tests in which there was nonindependence of the frequencies of spawning individuals in July (G = 4.69, p-value = 0.03), November (G = 5.3, p-value = 0.02) and February (G = 4.07, p-value = 0.04).

Recruit density indicated an almost continuous recruitment, with significant differences between dates and the same temporal pattern on both shores (Table 1, Fig. 4C). Recruit density also had a nonsignificant relationship with intertidal height, but a significant positive relationship with the density of adult individuals at both shores considered. The relationship with adult density was non-significantly different between shores, i.e., nonsignificant interaction (Tables 1, S2, Fig. 5). The highest recruitment occurred from April to September, with a significantly higher density in August relative to most other months. Secondary increases were also seen on the West shore in December 2019 and February 2020, although they were not statistically significant (Fig. 4C). The first recruitment Full-size DOI: 10.7717/peerj.12550/fig- 4 periods followed the increase of the proportion of individuals at the spawning stage (March-May 2019), but the higher recruit density was observed 3 months after the end of this period (August). The second increase in the proportion of individuals in spawning stage, September-November 2019, was followed by a small (non-significant) increase in recruit density in December, in the west shore (Fig. 4). shores at Le Petit Minou. The trend on each shore is represented by the lines; there is no significant difference in the slope of the regression lines (no significant interaction, for more details, see Tables 2 andS3). 

Individual Growth

The soVBGF parameters indicate differences between the two shores, with K = 0.12, L inf = 65.25, C = 0.42, t s = 0.56 and ϕ = 2.71 in the West, and K = 0.19, L inf = 62.54, C = 0.51, t s = 0.5 and ϕ = 2.87 in the East (Fig. 6). Both curves are shown in Fig. 6, with the estimated parameters and t 0 equal to 0.52 and 0.67 for the West and East, respectively. Moreover, these estimated growth curves matched with the range of the age-at-length data derived from the sclerochronology analysis (Fig. 6).

Mortality

The instantaneous mortality rate (Z) varied from 0.43 to 1.43 yr -1 , with a mean of 0.642 (±0.170 SD) in the West and 0.919 (±0.246 SD) in the East. The result from the LMM indicated that the log-transformed mortality rate (Z ) was significantly different between the two shores and was positively related to the intertidal height in both, i.e., mortality increases as intertidal height increases (Fig. 7, Tables 2,S2). Population biomass, size structure, density and crowding

No significant difference in total biomass was found between the East and West shores or between sampling dates (Tables 1,S2). There was a significant interaction indicating a shore-dependent intertidal height effect on biomass, but this was due to two very influential points in the highest topographic position in the entire site. As these points were outside the common range of distribution between West and East, we did not consider them in the final analysis, so there was no significant intertidal height effect on the biomass (Tables 1,S2, Fig. 8A).

A significantly higher density of individuals was found on the West shore than on the East, without any differences between dates (Tables 1, S2, Fig. 8B). In addition, there was 2 andS3) and dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou. Significant difference between shores is indicated: *rocky shore.

Full-size DOI: 10.7717/peerj.12550/fig- 7 a significant intertidal height effect on the density of individuals, with the same positive trend in both rocky-shores (Tables 1,S2-S3, Fig. 8B).

The median length of individuals was significantly higher on the East shore than on the West and was significantly positively related to the intertidal height position on both shores (Tables 1,S2-S3, Fig. 8C). There was a significant higher maximum length in the East than in the West with no differences between dates. Maximum length was significantly negatively related to intertidal height (Tables 1,S2-S3, Fig. 8D).

There were no significant differences in the crowding index either between West and East or between dates (LM results, Table 1, Fig. 8E). Crowding index was positively related to the density of adult individuals and the median length of adult individuals of the population, with a lower slope in the first case (LMM results, Tables 1, S2-S3, Fig. 8F).

Individual and population fecundity

Considering the mean size distribution of the population on each shore, the potential reproductive output was very similar between the two shores: 112.92 (±42, SD) and 106.5 (±32, SD) g m -2 in West and East, respectively (Fig. 9). This was equivalent to a total of 2.15 × 10 9 and 2.03 × 10 9 eggs m -2 released per covered square meter in the West and East, respectively (Fig. 9). The mean total density of reproductively mature individuals (individuals of size > 12 mm, Toro, Thompson & Innes, 2002) were 8,819 and 7,939 ind m -2 in the West and East, respectively. (n = 720). The trends on each shore are represented by the lines in the cases of significant relationships; significant differences between shores are indicated *rocky shore on the plots; there are no significant differences in the slope of the regression lines in each plot (no significant interaction, for more details, see Tables 2 andS3). Median length and maximum length were calculated from a variable number of individuals, which corresponded to the total of individuals in the sample excluding recruits (data available in the supplementary material). In panel (F) the surface layer represents the trend of crowding index depending on the density and median length, and each pair-variables relationship is represented by the projected shadow of observation into each axis (dots). 

DISCUSSION

By combining spatial and temporal observations, we uncovered several patterns related to the phenology of spawning and recruitment, population dynamics and aggregation structure of mussels on two rocky shores. Our results revealed asynchrony between spawning and recruitment, two life history traits of fundamental importance for population persistence. We observed that the spatial variability in spawning phenology allowed a second spawning during higher stress summer conditions. Additionally, our results showed that individual and population patterns contrasted with biomass stability along the intertidal height and between the two rocky shores. In the following paragraphs, we discuss these results and the possible mechanisms underlying the aggregation structure by examining the relationships among the observed patterns of density, size distribution, growth, mortality and recruitment.

Phenology of spawning and recruitment

Spawning and recruitment phenology determine the conditions to which larvae and recruits are exposed and will, consequently, affect population dynamics. Recruitment occurs after the spawning period, larvae development and settlement. Larvae may recruit in the same area as their progenitors, i.e., self-recruitment, presumably 2-3 weeks after the progenitors spawned. However, larvae can also disperse and settle in other areas and, in this case, the lack of self-recruitment can be observed as local asynchrony between spawning and recruitment dynamics. Other causes of asynchrony are recruitment failure or a primary recruitment on other sites than the mussel bed, as in filamentous algae (Bayne, 1964). Temperature and feeding conditions determine individual spawning and recruitment phenology and success along the coast. In general, there is one main spawning period at high latitudes (e.g., Kautsky, 1982;Antsulevich, Maximovich & Vuorinen, 1999;Thorarinsdóttir & Gunnarsson, 2003) and two periods in temperate regions (e.g., Seed, 1976;Lowe, Moore & Bayne, 1982). In our study site, spawning, although continuous, peaked in spring and autumn in agreement with prior observations in the Brittany region (Lubet, 1959;Lacroix et al., 2017). Similarly, recruitment was also continuous and generally low, with peaks in spring and summer. Thus, we observed synchrony between recruitment and spawning dynamics during spring and asynchrony during summer and autumn. During summer, the asynchrony, which was caused by a peak of recruitment without a preceding peak of spawning, could have resulted from the arrival of larvae from other sites with differing reproductive phenology. In autumn, the asynchrony, which involved a peak in spawning without a following peak in recruitment, may be related to the dispersion of larvae to other sites, recruitment failure or recruitment on other substrates not analyzed in this study. These asynchronies between recruitment and spawning highlight the influence of larval dispersion and connectivity in the population dynamics of the study site. Thomas et al. (2020) pointed out the fundamental role of connectivity between sites for population dynamics along the coast of this region. Thus, the studied population at this site may have a dynamic, undefined role in overall population connectivity, i.e., acting as a larval supplier or receiver, depending on the season and environmental conditions. Variation in spawning phenology within the study site was also observed, suggesting different temporal dynamics of microclimate conditions between the two shores. Microclimate conditions may change due to the interactions between factors such as wind speed, wave height, solar radiation, time of low tide and angle of substrate (Denny, Miller & Harley, 2006;Seabra et al., 2011;Helmuth et al., 2011;Choi et al., 2019). These factors can be particularly contrasted between West and East shores due to their different orientation. Consequently, individuals showed temporal variations in performance between shores. For instance, both a lack of spawning during July and lower condition index during August suggest a decrease in the performance of individuals on the East shore during summer compared with the West. Summer conditions were characterized by a high maximum aerial temperature (maxima of 27 • C and 25 • C in July and August, respectively, https://www.historique-meteo.net/france/bretagne/brest/2019/07/), high SST (almost 3 • C higher than the mean of the last nine years, data not shown) and low tide periods at midday. Choi et al. (2019) estimated that higher variation in substrate temperature (ranging from 25.7 • C to 41.4 • C) could be due to co-occurring high aerial temperature and high solar radiation, which is likely what took place in our study site. Gametogenesis can be slowed by high temperatures of water (Fearman & Moltschaniwskyj, 2010) and seawater temperatures higher than 20 • C can accelerate gamete release (Múgica et al., 2015), which may explain the observed discontinuity of spawning between month, and presence of oocyte atresia (data not shown). Also, a low condition index, i.e., loss of individual weight, which is mainly related either to spawning or physiological stress periods, was observed during August (when no spawning occurred) suggesting physiological stress.

Based on these observations, we hypothesize that the observed shore differences in the reproductive stage and condition of individuals were related to a temporal change in the microclimate, specifically the high temperatures recorded. The temperature also drives the reproductive phenology at within-site scale. Our work suggests the likely role of the different shore orientations within the studied site. That is, the different shore orientations potentially create refuges during stressful conditions. The different microclimates between shores were fundamental during summer because they allowed a second spawning period on the West shore, where in general conditions individuals grow slower. This is an example of how, during fluctuating conditions, individuals living in suboptimal conditions can show a higher performance than individuals living in more optimal conditions, i.e., the ''suboptimal can be optimal'' (Martin & Huey, 2008), which ensures their contribution to the gametes that will make the future cohort.

Variability of traits contrasts with stability of biomass

Unexpectedly, biomass was stable in both space and time in our study. This pattern of biomass stability results from the interaction between the patterns of individual traits and population parameters and is mediated by a relatively constant crowding of individuals. The aggregation structure itself results from a trade-off between the density and size of individuals. More individuals can occupy a given area if they are smaller. This pattern has already been observed in single-layer mussel aggregations (Petraitis, 1995). Population size structure and density are affected by both individual-and population-level processes, such as growth, recruitment and mortality. Petraitis (1995) pointed out that these processes can drive the capacity of a mussel bed to keep the covered area constant. Keeping the covered area constant is also associated with keeping the crowding constant to maintain the aggregation structure of a 100% covered area. The aggregation structure can remain constant if individual mussels move and tend to segregate, which has been observed in sandy environments (Liu et al., 2014) and may play a fundamental role in the aggregation pattern observed on rocky shores. Nevertheless, movement behavior under stressful wave conditions can increase the probability of dislodgement/mortality, as suggested in a M. edulis population by Schneider et al. (2005). We hypothesize, therefore, that growth, mortality and recruitment rates can also play a role in the stability of the crowding structure of an aggregation. This is supported by the observed patterns of individual growth rate,

Environmental heterogeneity underlying individual traits and population parameters patterns

The patterns of spatial variability of individual traits and population parameters in our study site suggest that heterogeneous environmental conditions influence variation in individualand population-level processes. In our site, shore orientation likely determined different temperatures (e.g., Helmuth, 1998;Choi et al., 2019), whereas intertidal height gradient determine the duration of emersion. During emersion time, orientation heterogeneity and intertidal height could determine the maximum temperature and the duration of exposition to such temperature, respectively. Combining the temperature and duration of exposure is fundamental in regulating the mortality by heat stress (Harley, 2008;Mislan & Wethey, 2015;Seuront et al., 2019). This could be linked to the observed patterns of increasing mortality when increasing intertidal height due to a higher time of exposure. In addition, energetic demand depends on temperature, which could explain the observed differences on growth rate.

Nevertheless, determining the main driver of the observed patterns could be difficult due to the combination of multiple environmental factors. For instance, topographic orientation combined with slope can increase the wave exposition and intensity (Guichard, Bourget & Robert, 2001;Denny et al., 2004), causing higher mortality by dislodgement (McQuaid & Lindsay, 2000) and determine the swash and potential differences in immersion/emersion time. Furthermore, individuals exposed to similar thermal stress conditions (same temperature and duration) show higher survival if they have more food available, i.e., more energy to support the stress (Fitzgerald-Dehoog, Browning & Allen, 2012). This reinforces our interpretation of the gradients observed along the intertidal height gradient. Individuals located at low height, with longer immersion times, have greater access to food and consequently lower mortality rates.

CONCLUSIONS

This study constitutes an integrative characterization of a wild rocky-shore mussel population at both spatial and temporal scales, and at individual to population level. This integrative analysis allowed us to evaluate the patterns and relationships between the main individual traits and population parameters. Moreover, our results shed light on how the interaction of processes at the individual scale could drive the patterns observed at population scale. The next steps needed to gain insight into the system dynamics should address the environmental drivers underlying the variability of processes creating the observed patterns. Analysis of current aerial images to represent and characterize the terrain surface, and to assess the target species distribution (e.g., Gomes et al., 2018) may be a suitable approach for identifying the environmental changes at desired scales (microclimates) (e.g., Choi et al., 2019;Kearney et al., 2020). Finally, linking all the information together, including the patterns, processes and environmental variability, in mechanistic models may be a promising avenue for testing the hypothesis that emerged here, such as the local effect of temperature on the phenology of reproduction, and the mechanisms of crowding and its role in population resistance to stress and disturbances.

Introduction

Photography, aerial photography, satellite earth observation, and now the rapidly expanding accessibility of UAV-based remote sensing and smartphones are a rich source of potential image time series that allow the monitoring of a wide range of phenomena across a broad scope of scientific domains. More specifically, the last decade saw the rapid expansion of methods from the field of computer vision adopted into the earth sciences community [START_REF] Westoby | Structure-from-Motion photogrammetry: A low-cost, effective tool for geoscience applications[END_REF], Fonstad et al., 2013[START_REF] Bemis | Ground-based and UAV-Based photogrammetry: A multi-scale, highresolution mapping tool for structural geology and paleoseismology[END_REF]. Structure from Motion (SfM) photogrammetry is now widely used to provide detailed 3-D description of various natural and anthropogenic objects of interest or systems (see for example reviews from Carrivick et al., 2016[START_REF] Eltner | Image-based surface reconstruction in geomorphometry -merits, limits and developments[END_REF]or Smith et al., 2016). Moreover, Structure from Motion has allowed for extracting new insights from archival aerial imagery (e.g. [START_REF] Verhoeven | Taking computer vision aloft-archaeological three-dimensional reconstructions from aerial photographs with photoscan[END_REF][START_REF] Salach | SAPC -Application for adapting scanned analogue photographs to use them in structure from motion technology[END_REF][START_REF] Sevara | Surfaces from the Visual Past: Recovering High-Resolution Terrain Data from Historic Aerial Imagery for Multitemporal Landscape Analysis[END_REF]. Still, in order to compare data acquired at different epochs, one must ensure that multi-temporal data share a common geometric reference. Co-registration of data of different epochs is indeed -by nature -the prerequisite of diachronic studies. In some experimental designs, permanent reference points can be established to provide common registration points for a multi-temporal study. However, there are a wide range of examinations for which it is not possible to establish reference points prior to imagery collection. For example, study areas with difficult access or environmental sensitivity may preclude the establishment of semi-permanent reference features. Furthermore, a wealth of temporal data already exists in archival imagery where it would be impossible for new studies to establish ground control references prior to imagery collection.

Archival aerial imagery are the most ancient source of multi-temporal Earth observation data, with coherent archives that go back to the early years of the 20th century [START_REF] Cowley | Historic Aerial Photographic Archives for European Archaeology[END_REF]. Methods for processing time series of the Earth's surface were first focused on this kind of data. These methods can differ according to the data available, but even for the most favourable cases -when all the camera calibration and ancillary data is available -one may still need to perform additional co-registration, as described by [START_REF] Fischer | Monitoring topographic changes in a periglacial high-mountain face using high-resolution DTMs, Monte Rosa East Face, Italian Alps[END_REF]. Two main strategies exist for co-registration of multi-temporal 3-D datasets. One approach relies on a posteriori co-registration of the final 3-D models whereas the other approach utilizes a suite of ground control points that can be found in all images. The first category of studies usually requires the user to have available external fine topographic data, such as a lidar-derived topographic dataset. This is the approach used by [START_REF] Bakker | Archival photogrammetric analysis of river-floodplain systems using Structure from Motion (SfM) methods[END_REF], who noticed that the propagation of linear errors could not be limited during the SfM processing and that these errors resulted in spatial differences between the digital elevation model (DEM) of the different epochs. In such cases, authors perform co-registration with an a priori knowledge of stable zones. The "stable zones" approach has also been favourably be used for UAV-based studies (e.g. [START_REF] Haas | Quantification and analysis of geomorphic processes on a recultivated iron ore mine on the Italian island of Elba using long-term ground-based lidar and photogrammetric SfM data by a UAV[END_REF]. The second category of studies seeks to have or to create a set of ground control points that may be unambiguously found in all images of the multi-temporal dataset. This strategy seems to be the most used in the photogrammetric community, with remarkable recent works that proposed to automatically determine stable linear features [START_REF] Nagarajan | Feature-based registration of historical aerial images by Area Minimization[END_REF], or more recently, automatically derived multi-temporal ground control points [START_REF] Giordano | Toward automatic georeferencing of archival aerial photogrammetric surveys[END_REF]. Despite the remarkable methods proposed by these previous works, a non-negligible amount of non-image information is needed, either in the form of external data or in the form of photogrammetric expertise, which significantly reduces the potential for the broadest use of existing multi-temporal stereoscopic data. In this context, Feurer andVinatier (2018a, 2018b) proposed a new method which allows a user to establish a unique geometric reference shared by all images of a multi-temporal stereoscopic image dataset. This method takes advantage of the invariance properties of feature detection algorithms such as SIFT [START_REF] Lowe | Distinctive image features from scale-invariant keypoints[END_REF] to automatically link together images of different epochs and is hence called Time-SIFT. The idea of the Time-SIFT method has its roots in the breakthrough that SfM algorithms proposed in photogrammetry, with the provision of dense sets of matched feature points. Indeed, as noticed by several authors [START_REF] Westoby | Structure-from-Motion photogrammetry: A low-cost, effective tool for geoscience applications[END_REF], Fonstad et al., 2013), the fact that SfM processing of multi-view stereoscopic imagery relies first and foremost on image information only opens new possibilities in photogrammetric processing. Among these new possibilities, archival aerial imagery was a good candidate as 'classical' photogrammetric workflow needed a lot of ancillary data (calibration certificates) in addition to the images themselves, and images with a specific geometric processing if scanned from analogue photography. The study of Feurer andVinatier (2018a, 2018b) showed that the Time-SIFT method allowed for the provision of stackable multi-temporal DEM from almost image information only.

As this modification to typical SfM processing may seem counterintuitive due to the concept of using imagery that contains temporal change to establish a multi-temporal geometric reference, the Time-SIFT method requires further testing through varied test cases. The initial paper (Feurer and Vinatier, 2018b) focused on one particular spatio-temporal scale and phenomena, the use of archival aerial imagery to examine prior 3-D changes linked to human activity. The broader suitability of the method for other spatio-temporal scales and other phenomena depends on the ability of the invariance properties of the SIFT-like algorithm to provide consistent results across varied implementations. This possible invariance is expected to result in a trade-off between the spatio-temporal scale of the image data set and the spatio-temporal scale of the studied processes.

In this context, our study aims to check the potential of the Time-SIFT method on varied test cases with different spatio-temporal scales, from the millimeter/minute to the kilometer/decade. The expected success criteria is the ability of the Time-SIFT method to build a complete (with all images and all epochs) and consistent (all data representing the same 3-D scene at the global scale) multi-temporal 3-D block, as well as provide informative 3-D data allowing for the description and characterisation of temporal change associated with the targeted phenomena.

Considering the relatively low effort required of the Time-SIFT method (which at a minimum requires only image data), a significant gain should be expected relative to other existing methods, either in terms of working and/or processing time when using ground control points or external registration data is feasible, either in terms of achievable results when these data are not available, which implies that classical methods would not be applicable.

The chapter is divided into two sections. The first section provides a highlight and a detailed description of the Time-SIFT method. The second section is dedicated to the description of five different test cases, presented in five different subsections. The chapter ends with a synthesis of the findings of these different test cases and concluding remarks.

The Time-SIFT method

General principle

The underlying hypothesis of the Time-SIFT method is that, given an object or a scene, there may always be a space scale or a set of space scales for which different images taken at different times would show similar local features. A direct consequence of this hypothesis is that SIFT-like algorithms may be able to find homologous points in images of the same scene taken at different times, hence enabling the construction of a multi-temporal image block with a single SfM processing of a whole multi-temporal photogrammetric dataset. The immediate effect of processing all images together in a single block is that they share the same unique geometric reference. Hence the co-registration of multi-temporal data is done from the beginning, and only necessitates image information. This limits the need for external registration data such as ground control points. The principle of the proposed method is depicted in Figure 1. The first step of the Time-SIFT method is to construct a single multi-temporal image block (or chunk). In this unique block, all images of all epochs are put together and image orientations are computed simultaneously for the whole dataset. As a result, all images orientations are estimated within only one single geometric reference and different epochs share exactly the same reference system by construction. This drastically simplifies the comparison of the different epochs and may even eliminate the need for co-registration before comparing 3-D models of different epochs.

Existing methods for multi-temporal photogrammetric processing

To the best of our knowledge, with the noticeable and very specific exceptions of [START_REF] Chanut | Quantification des déplacements 3D par la méthode PLaS -application au glissement du Chambon (Isère)[END_REF] and [START_REF] Vargo | Using structure from motion photogrammetry to measure past glacier changes from historic aerial photographs[END_REF], prior multi-temporal studies utilizing SfM methods calculated 3-D models and image orientation estimates separately between epochs. There are then various strategies to ensure a good co-registration between the dense cloud (or the DEMs) of the different epochs, which can be generalized as two forms. The first group of strategies is to rely on registration data that may be used to register the separate blocks. This usually implies the use of a significant number of Ground Control Points (GCPs). The second group of strategies relies on a posteriori co-registration of the different point clouds (or DEMs), either by choosing a reference within the set of points clouds (or DEMs), either by using an external reference point cloud (or DEM) on which every others are registered. This a posteriori registration is needed to tackle the lack of precise positioning data and/or the inaccuracies and error propagation in the photogrammetric processing (e.g., [START_REF] Bakker | Archival photogrammetric analysis of river-floodplain systems using Structure from Motion (SfM) methods[END_REF]. In these classical approaches, each epoch is hence processed separately and an additional step of co-registration is used. The principle of the classical approaches is illustrated on Figure 2 

Step-by-step description of the Time-SIFT implementation

The whole process of the Time-SIFT method can be summarized by the following three steps :

1. Orient all images in a single multi-temporal block 2. With image orientations fixed, split the block by epochs 3. For each epoch, compute dense cloud, DEM and/or orthoimage At the end of these three steps, the resulting 3-D data or orthoimages of the different epochs are perfectly stackable given that block geometry was estimated in a single step with all multi-temporal data and that this geometry was not changed during the next steps of dense image correlation and image mosaïcing. The following sections describe the Time-SIFT process in greater detail.

Orient all images in a single multi-temporal block

This first step is the core of the Time-SIFT method. All images of the same scene, taken at different epochs, are processed together to find homologous points and estimate cameras orientations. SfM algorithms first detect feature points, then match them and finally eliminate outliers, for example thanks to RANSAC filtering [START_REF] Fischler | Random sample consensus: a paradigm for model fitting with applications to image analysis and automated cartography[END_REF]. The underlying prerequisite of the Time-SIFT method is that there would always be a majority of feature points that are stationary between two successive epochs, even if they are not found in other epochs of the study. When using the Time-SIFT method to monitor a changing phenomena, it is recommended that the whole image dataset covers an area containing enough stable zones and avoid a strong focus on the zone of change only (see for example the "soil bulk density" case study, where images were purposely taken to be processed with the Time-SIFT method).

Finally, image block geometry is refined (for instance with the use of some ground control points in order to perform lens autocalibration) and -if not already done -absolute orientation is estimated. At the end of this step the final orientation of each image is obtained and will remain fixed until the end of the workflow.

With image orientation fixed, split the block by epochs

Proper implementation of this simple step is critical to application of the Time-SIFT method. In this step the multi-temporal block is split into different blocks, one for each epoch, which are then treated independently. In other words, the image block geometry must not be changed after this step or else the datasets of different epochs would lose their intrinsic coregistration. In practice this results in a critical bottleneck in the workflow: estimation and refinement of the cameras orientations and lens autocalibration must have been done before this step and not changed afterwards.

For each epoch, computing dense cloud, DEM and/or orthoimage

Once the multi-temporal block is split, the workflow returns to a classical photogrammetric workflow: dense correlation of all images within an individual epoch is computed and the same process is repeated for each epoch. Depending on the requirements, dense clouds, DEMs and/or orthomosaics can be computed. These output datasets, although originating from different epochs or sources, share the same geometric reference and can thus be directly compared.

Cases studies

To demonstrate the ability for the Time-SIFT method to produce coherent multi-temporal dataset in various situations, five distinct case studies were investigated. These case studies differs in many ways, but are selected specifically for the following characteristics: (i) spatiotemporal scales of the image datasets (Figure 3 For each case study, the following elements are given : aim of the study, case description (characteristics of the image dataset), results of the Time-SIFT method associated with the added value made possible by using the Time-SIFT method. We used the Agisoft software packages Photoscan Pro® (version 1.2.6) and MetaShape Pro® (version 1.5.x) for applying the Time-SIFT method to each case study to have comparable results and metrics; however, the method could be implemented in every SFM software (as demonstrated through the recent application of the Time-SIFT method with MicMac by [START_REF] Filhol | Time-Lapse Photogrammetry of Distributed Snow Depth During Snowmelt[END_REF].

La Peyne

Objective:

This case study concerns the change in land management in a mediterranean area due to anthropogenic activity, such as urban growth, civil engineering around highways, quarries and backfills. The process of land use change followed progressive land abandonment and urbanisation over the past 50 years [START_REF] Vinatier | Using high-resolution multitemporal imagery to highlight severe land management changes in Mediterranean vineyards[END_REF] with a large extent covering several square kilometers. For estimating changes in urban structures over this time span, a one meter resolution of the DEM is needed and a call to archival aerial imagery for covering this long time period. The process of attributing ground control points to sets of aerial images is very time consuming, making the use of TimeSIFT method appropriate for the documentation of past change.

Case description:

This case was the first test of the Time-SIFT method and is reported with more detail by Feurer andVinatier (2018a, 2018b). On a 170 km² rectangle corresponding to the lower part of the Peyne catchment (Occitanie, southern France), investigated earlier in [START_REF] Vinatier | Using high-resolution multitemporal imagery to highlight severe land management changes in Mediterranean vineyards[END_REF], a part of the aerial imagery archive was downloaded (43° 35′N, 3° 19′E). The French geographic institute (IGN) provides free access to this archive through the https://remonterletemps.ign.fr/ website. Images are scanned with photogrammetric-grade scanners. The landscape is typical of mediterranean agricultural areas dominated by vineyards and to a lesser extent, forests. Images of the 1971Images of the , 1981Images of the , 1990Images of the , and 2001 aerial campaigns were downloaded. Estimated ground resolution of the downloaded images vary between 37 and 69 cm (Table 1). Nine ground control points spread over the whole area were extracted from orthorectified imagery available online (http://www.geoportail.gouv.fr) and manually picked in the corresponding images. The Peyne case study was processed with Photoscan 1.2.6 for which the handling of fiducial marks was not yet possible. Archival aerial images were first resampled with the ENSG's Micmac software [START_REF] Rupnik | MicMac -a free, open-source solution for photogrammetry[END_REF] so that fiducial marks were positioned in the corners in the resulting image. More details can be found in Feurer andVinatier (2018a, 2018b). As a result, pre-processed images share the same geometry and interior orientation and has been taken into account before the SfM processing, which was realised with the parameters shown in Table 2. Application of the Time-SIFT method resulted in 4 stackable DEMs and orthophotos, represented on the right of Figure 4. Quality of image orientations can be assessed through the Root Mean Square (RMS) reprojection error values, which fell within the pixel size for all four epochs (Table 3). Quality of DEM co-registration can be investigated by comparing topographic profiles (Figure 4, bottom). Several features are apparent on the topographic profiles (Figure 4). The left part corresponds to an area were no civil engineering took place. It also seems, from orthoimage analysis, that there were no major vegetation changes. This part can then be considered as a stable zone, with possible minor changes due to limited vegetation variation. The remaining noise level can be estimated from this part of the profile and are of the order of magnitude of several meters. Moreover, as already stated in Feurer andVinatier (2018a, 2018b), this level of noise is confirmed by the fact that new buildings are clearly visible in the successive DEMs, some of them being single-story. The right part of the profile focuses on an area that was strongly modified through time, with the construction of a highway and an interchange. Coincidentally, 1990 images were taken when the highway construction was ongoing and the north/south bridge was not present yet, which is clearly visible both on the 1990 DEM and orthoimage. The 1990 DEM seems to be a bit noisier than others. This may be related to the fact that this DEM was built from relatively coarser images (Tables 1 and3).

Conversely, the part of the 2001 DEM profile that correspond to the highway is relatively even, which indicates that the 2001 DEM is less noisy.

The most interesting finding of this test case is that, with almost only image information, one can virtually explore the whole archive of aerial imagery. In this study, only nine GCPs were used to estimate absolute orientation and scale of the 3-D models produced from 27 -61 images by epoch, but it demonstrates that this work may be extended to wider areas and longer time spans, provided that the required imagery is available. As shown in Feurer andVinatier (2018a, 2018b), the only requirement at the time being is that images were scanned with photogrammetric-grade scanners and that fiducials marks are present in the images. All the remaining processing can be done with image information only. Absolute scaling and georeferencing may even be done afterwards.

Mount Rainier

Objective:

The processes and rates of glacier retreat and advance depend on a complex balance of environmental and climatic parameters. Even with the well-established 20th and 21st century general trend of glacial retreat, regional climatic variations and local site conditions have produced short-term glacial advances and changes in mass balance. The glaciated active volcanoes of the northwestern United States, including Mount Hood, Mount Rainier, and Mount Baker, provide a unique opportunity to examine the relationship between decadalscale climatic patterns and local site conditions, such as aspect and elevation. Climate variability associated with the Pacific Decadal Oscillation (PDO; [START_REF] Mantua | The Pacific Decadal Oscillation[END_REF] exerts a strong control on temperature and precipitation trends in the northwestern portion of North America (e.g., [START_REF] Josberger | Glacier mass-balance fluctuations in the Pacific Northwest and Alaska, USA[END_REF], with the 'warm' phase of the PDO leading to higher average temperatures and thinner cumulative snowpack and the 'cool' phase leading to lower average temperatures and deeper cumulative snowpack. Over the past 100 years, the PDO has exhibited a pattern of 20-30 year long periods of being in either the warm or cool phase [START_REF] Newman | The Pacific Decadal Oscillation, Revisited[END_REF]. In this time period, the warm phases persisted from ~1925-1947 and again from ~1977-1998, with an intervening cool phase from ~1947-1977.

Understanding changes in glacial mass balance as it corresponds with these climate variations will improve models of glacial response to future climate changes.

Case description:

To improve the temporal availability of high-resolution topographic data for use in measuring the mass balance of the glaciers across major shifts in the PDO, we tested the Time-SIFT methodology on archival aerial image collections from Mount Rainier, a 4,392 m tall glaciated volcano located in the state of Washington in the United States (46.85° N, 121.75°W

). Mount Rainier has 26 major glaciers occupying its flanks and 93 km 2 of permanent snowfield and glacier coverage. We selected Mount Rainier for this case study due to the availability of snowfall records extending back to 1920, previous studies of glacial mass balance, multiple generations of publicly-available aerial images extending back to 1955, and full coverage by airborne lidar surveys in 2007-2008.

Using only aerial images that provide full coverage of Mount Rainier and are freely available (https://earthexplorer.usgs.gov/), we assembled image collections from 1955, 1970, 1983, and 1984. Adding in the 2007/08 airborne lidar, topographic data from these time spans will provide several important qualitative and quantitative tests. For one, [START_REF] Sisson | Whole-edifice ice volume change A.D. 1970 to 2007/2008 at Mount Rainier, Washington, based on LiDAR surveying[END_REF] used digital elevation models based on topographic maps derived from the 1970 aerial images and differenced these with the 2007/08 lidar data to measure the elevation change of glacier surfaces across the whole mountain. Measuring these elevation changes using the same datasets via the Time-SIFT method will provide a key reproducibility test. For Agisoft Metashape Pro to recognize multiple images as being from the same camera, the digital images must have the same pixel dimensions. Our images were delivered with small variations in pixel dimensions within individual epochs. Prior to loading the images into Agisoft Metashape Pro (v. 1.5), we processed all images to trim excess pixels from the margins to ensure equal pixel dimensions for all images in each epoch. Within Metashape Pro, we defined camera groups, added calibrated focal length data from the respective calibration reports, masked the margins of the images, and then implemented the built-in fiducial mark calibration features. For several 1955 images, we had to mask out large portions of the image due to small cracks in the source film that is apparent in the scanned image. To calibrate the photos, we manually marked 4-8 fiducial marks on each image and calibrated each camera group individually. We did not perform fiducial mark-based calibrations during our initial trials of this technique, and this produced widespread topographic artifacts due to minor warping of the source film/images.

Following Time-SIFT procedures, we performed the alignment and optimization of all images in a single block, using the parameters listed in Table 5. With the availability of airborne lidar, we chose to use that dataset as the ground control source in our study to facilitate direct 10/28 comparison of the photogrammetric DEMs with the lidar DEMs. We established 25 GCPs, using features identifiable both on the lidar topography and on the aerial imagery. These GCPs were marked manually on all images where they could be identified, and based on the size and type of features that we used as markers, we estimate that their locations were identified to within 4 m. Following the optimization step, the initial multi-epoch block was duplicated to create separate image blocks for each epoch -1955epoch - , 1970epoch - , 1983epoch - , and 1984epoch - . Both 1955epoch - and 1970 epochs include images collected on two different days, but because the collection was only ~2 weeks apart and taken with the same camera and approximate scale, we combined both days as a single epoch. We then produced dense point clouds, orthomosaics, and DEMs for each individual epoch and calculated DoDs in ArcGIS (Table 6). The visual derivative products from our Time-SIFT analysis on Mount Rainier, including orthomosaics, shaded-relief maps, and slope maps, provide a simple, first-order check on the quality of the topographic reconstructions. When viewed sequentially, the glaciers are the only features moving horizontally on the landscape, with the areas between glaciers remaining stationary through each time interval as is expected. For more quantitative assessments of reconstruction accuracy, we examined DEMs of difference (DoDs) for different time intervals to compare our Time-SIFT derived measurements of ice thickness change to other studies of ice thickness change, known climatic patterns and geologic events, and the patterns of measured elevation change associated with geologically stable regions.

To compare our Time-SIFT results to the [START_REF] Sisson | Whole-edifice ice volume change A.D. 1970 to 2007/2008 at Mount Rainier, Washington, based on LiDAR surveying[END_REF] study of ice volume change spanning 1970 to 2007/08, we created a DoD from the lidar data and our 1970 DEM, clipping it to the outlines of the 2007/08 glacier extents and visualizing it with the same color scale as the previous study (Figure 5). Despite areas of missing data from the 1970 DEM in the higher elevations, general patterns of glacier advance/retreat and surface elevation changes are consistent between datasets. One notable pattern from this whole mountain perspective is that only two glaciers on the northeast slopes of Mount Rainier show cumulative advance from 1970 to 2007/08, the Winthrop and Emmons glaciers (Figure 5). For a finer-scale view of glacier change through time, we take a closer look at the Emmons Glacier (Figures 5 and6). Examining the DoDs for our four time intervals, 1955-1970, 1970-1983, 1983-1984, and 1984-2007/08, the glacier terminus advanced by ~1 km from 1955 to 1983, followed by relatively minor retreat of ~0.1 km from 1984-2007/08. The timing of this significant glacial advance is consistent with the 1947-1977 cool phase of the PDO. Although the Emmons Glacier does not show significant glacier retreat during the subsequent 1977-1998 warm PDO phase, it does exhibit significant thinning along the length of the glacier (Figure 6C and 6D) that is consistent with the expected ice loss during a PDO warm phase. Another known elevation change associated with the Emmons Glacier is the occurrence of a large rockfall event in December 1963, where an estimated 11 million cubic meters of rock collapsed from a peak on the south side of the Emmons Glacier, sending debris and mudflows across the glacier and down the valley below (Crandell and Fahnestock, 1963). The effects of this event is clearly visible in the 1955-1970 DoD, where a dark red zone on southern edge (Figure 6C) shows a focused zone of elevation loss located just south of the glacier margin at a location consistent with the known rockfall origin. Further evidence of this rockfall is located downstream from the glacier (northeast corner of 1955-1970 DoD, Figure 6C) where the rockfall and mudflow deposits partially filled the main valley channel and partially eroded the young moraine deposits on the valley margins (Crandell and 12/28 A A B Fahnestock, 1965). The stable terrain outside the glaciers, and in particular the regions above treeline and below late summer snowpack, provides an estimate of the 'noise' present in the Time-SIFT DEMs of this case study. For example, a sparsely vegetated valley to the north of the Emmons Glacier exhibits topographic noise on the order of ~2 meters. Steeper terrain and vegetated regions exhibited higher variability, likely due to differences in how trees are resolved or filtered in different epochs and variations in illumination in high-relief zones. This case study demonstrates that the Time-SIFT methodology provides a valuable, robust, and efficient strategy for the production of co-registered DEMs from the wealth of archival aerial imagery over this large area (>400 km 2 ). While numerous studies of glacier mass balance have documented the more easily measured quantity of glacier extent from archival aerial images as a proxy for glacier mass balance, our results show that a glacier can experience significant mass loss through thinning without a remarkable change in terminus position. This observation emphasizes the potential of Time-SIFT in assisting with the extraction of richer 3D historical datasets for quantifying historical geologic and geomorphic change.

Mornag's orchard

Objective :

In the technical management of orchards, farmers need to optimise both the quantities of water used for irrigation and the quantity of crop protection products. These quantities are directly related to the trees development. One of the widespread indicators used to monitor plant and tree development is the Leaf Area Index, a dimensionless quantity computed as the ratio between leaf area and the related ground area. Water demand is indeed directly related to the amount of foliage, with evapotranspiration occurring through the leaf stomata.

Similarly, the need for crop protection product is directly related to the surface area of the foliage. However, methods for estimation of Leaf Area Index only exist at the punctual scale, either through dedicated measuring devices, by processing images obtained with hemispherical, or at the field scale, with earth observation image processing. [START_REF] Mabrouk | Un exemple de l'utilisation des drones dans la gestion technique d'un verger de pecher en Tunisie[END_REF] report a study where a UAV was used to acquire very high resolution 3-D data on a peach orchard in Mornag, Tunisia, in order to test the ability of such data to provide Leaf Area Index time series. This test case is based on the data gathered for that study. In the original study, no absolute geometric reference was given to the 3-D dataset and only a relative orientation was obtained. The 3-D models were given a correct scale by using targets of known dimensions, installed in the investigated scene. Each epoch was processed separately and the 3-D point clouds were not stackable. The use of the Time-SIFT method may therefore make it possible the monitoring of the tree and canopy growth at the scale of the individual tree.

Case description :

The farm is located in Khelidia, near Mornag, Ben Arous governorate, Tunisia (36°39'50"N 10°12'32"E). This region has a semi-arid climate with mild winters and hot summers. The field plot on which the experiment was conducted is a 0.77 ha field planted in 2010 with peach trees of the Sweet Cap variety. In total, 5 image acquisitions at 5 different epochs of the first semester of the year 2015 were done. Flights plans were conducted at low altitude (between 10 and 30 meters) with nadir and oblique images in order to favor the rendering of the tree crowns (see Table 7).

The ancillary data used in [START_REF] Mabrouk | Un exemple de l'utilisation des drones dans la gestion technique d'un verger de pecher en Tunisie[END_REF], which consisted in targets of known dimensions installed at different places for each acquisition, were not used for this case study. In terms of thematic results, having perfectly stackable point clouds, DEMs and orthophotos allow for a fine 3-D monitoring at the tree scale. Indeed, when examining the DEMs at the tree level, one can clearly see the canopy development through the growing season, with branches growing and being covered by more leaves through time (Figure 7). It is worth noting that no ground information was used to obtain these results. Scale of the 3-D models was provided by the GPS position recorded onboard the UAV and apart from this information, only image information was available in the processing. This example proves that the Time-SIFT method can be used to apply a very light protocol that would allow for a monitoring of a tree crop at the tree scale. In the previous studies based on this dataset, Mabrouk et al. (2018) showed that this kind of information may favourably used to pilot the irrigation and/or pesticide application scheme. In the estimation of soil bulk density by photogrammetry, the Time-SIFT method allows the operator to follow a simplified protocol. Indeed, once the scaling targets set, the operator freely acquires a convergent set of images before and after the soil sampling without any constraint but the full stereoscopic coverage of the investigated horizon. The Time-SIFT method allows for a co-registration of the two data set which can then be compared to estimate sample volumes only with image information and the use of scale bars.

Benthic species in rocky-shore

Objective:

In the last decade, with the improvement of photographic and video surveys, the evaluation of species habitats at fine resolution scale (i.e., cm) has become a reality (e.g., [START_REF] Laliberte | Image processing and classification procedures for analysis of sub-decimeter imagery acquired with an unmanned aircraft over arid rangelands[END_REF]Ventura et al., 2018). This has allowed a better comprehension about species habitat selection and behavior at the individual level. In complex habitats, such as the rocky shore intertidal zone in coastal ecosystems, the microtopographic features of the substrate potentially determine the population dynamics and small-scale distribution of benthic species by interacting with seasonal environmental changes (e.g. temperature, waves action, sand coverage) (Harley, 2008;Gomes et al., 2018) and by determining inter-specific interactions [START_REF] Fletcher | Interspecific competition among subtidal limpets: effect of substratum heterogeneity[END_REF]. Intertidal rocky shore ecosystems are extremely dynamic. They are subjected to many environmental factors across temporal scales from hours (e.g. tide) to years (e.g. climate-related events). To better understand spatiotemporal species distribution on complex habitats, it is thus imperative to represent the microhabitat structure by evaluating not only its static features such as the substrate roughness (Meager et al., 2011), but also its dynamics. Here, we aim to test the Time-SIFT methodology to evaluate its adequacy to study the population dynamics of the mussel Mytilus sp. in a rocky-shore intertidal area in Brittany based on a monthly survey using high-resolution aerial images taken by drone. We expect to have a temporal comparable information in order to response to the following question: how does the structure and dynamics of small-scale habitat influence the distribution patterns and structure (e.g. individual size, density) of mussel population?

Case description:

The monitored rocky-shore area is located in Le Petit Minou beach, close to the semienclosed coastal Bay of Brest (Western Brittany, France) (48°20'19"N 4°37'03"W). This location presents diverse features and is influenced by the dynamic of the beach, which changes through time as a result of waves and tide. A DJI® Phantom 4 pro platform was used to take images at low altitude every 1 second approximately (about 15-30m height, resolution: ~0.7cm, covered surface: ~7500m 2 ) to obtain an overlap of about 80% between consecutive images. All images were performed at low tide to reduce the effect of water in the contrast and visualization of the rocky-shore. Four months of drone-survey images were selected and tested with the Time-SIFT methodology. We expect a perfect overlap of the geographic coordinates in order to identify potential topographic dynamics and consequences on mussels' distribution. Flight parameters are reported in Table 13. As for the the "soil bulk density" test case, application of the Time-SIFT method was quite straightforward and succeeded since the beginning with the default set of parameters (Table 14 below). This may be seen as quite unexpected considering the relatively high level of change in some areas (sand deposits, areas covered by the sea). As said above, the Time-SIFT method succeeded without any need for cumbersome parameter tuning nor trial and error approach (see the good agreement between profiles on Figure 9). This is because all epoch images were acquired using the same planning and purpose and due to that each image cover both stable (rock) and changing areas (sand, mussels and sea-water). Success in lens auto calibration is supported by small reprojection error (Table 15). The results highlight a very good performance of the Time-SIFT method to compare temporal variations, from centimeters to meters scale (Figure 9). It demonstrated significant variations in the accumulation of sand between the rocks, with an accumulation during spring time, reducing the surface of rocky habitats (Figure 9, right and bottom). Because the sand burial or a heavy load of suspended sand can stress mussels and cause mortality [START_REF] Zardi | Sand stress as a non-determinant of habitat segregation of indigenous (Perna perna) and invasive (Mytilus galloprovincialis) mussels in South Africa[END_REF], such sand inundation may have significant consequences on the studied mussel population. The geographic overlap may permit a comparison of mussel's distribution at scale of centimeters to evaluate the dynamic of mussel patches coverture and to identify and quantify the consequences of such sand mobilization on the mussel beds (orthoimages at left on Figure 9). The Time-SIFT method allows the study area to be sub-sampled and thus will provide the opportunity to compare contrasting habitats to assess whether there is a direct relationship between the evolution of topography related to sand mobilization and mussel beds distribution and evolution.

Although drone images bring an easy and cheap way to study local scale habitat features (cm) at median spatial scale (>100m length), the necessity of ground control points distribution determine the quality of the topography reconstruction of coastal linear landforms using SfM photogrammetry (Jaud et al., 2018). However, in coastal areas, recording the ground control points is time consuming and restricted by tide and coastal topography. Due to their intrinsic temporal stability, rocky substrates in intertidal areas offer interesting case studies for the implementation of a methodology such as Time-SIFT by minimizing the use of external ground control. Under these conditions and as observed in this case of study, this approach helps to obtain high quality temporal comparison of the orthophotos and 3-D reconstructions. This opens new perspectives in using archival aerial imagery and/or performing standardized protocols at wider scale, e.g. for site comparison purpose. Including such high-resolution habitat features dynamic is essential to better integrate small-scale processes into species distribution modelling approaches, particularly in the context of climate change that subjects coastal ecosystems to significant variations.

Test cases synthesis

With a successful application of the Time-SIFT method on five contrasted test cases, several findings about the potential of this method could be derived :

Time-SIFT is able to handle a wide range of different spatio-temporal scales

For our five varied spatio-temporal cases, Time-SIFT succeeded in obtaining complete multitemporal blocks. Considering that the Time-SIFT methods is based almost on image information only and that it takes advantage of the invariance properties of the SIFT-like algorithms, this finding was quite expected. Moreover, the spatio-temporal sampling was adapted to the spatio-temporal variability of the investigated phenomena, which strongly favoured the success of the Time-SIFT method. In the first case, the high level of noise, still lower than the intensity of the studied phenomena, should be reconciled to the quality of the archival images. However, for the last four cases and despite the good quality of the images, conditions of success were far from optimal considering the relative amount of change in the image time series, whether the change affected large parts of glaciers, of a cultivated orchard, of a soil pit wall with excavations or even a tidal shore with significant sand deposits. Surprisingly, the trial-and-error approach for the tuning of the parameters was only necessary for the Mornag's orchard test site. The reason may be that for this test case, the change concerned not only the growing trees but also the ground coverage between the trees, where grass did also grow during the season. The most impressive result is the one obtained for the rocky shore test case. Images taken near the sea constitute a 'worst case' in photogrammetry, due to the fact that on the one hand the scene, even in one single epoch, is not fixed from an image to another and on the other hand, that no ground control point can be set on these sides of the images.

Time-SIFT can help to cope with the lack of ground control points availability All three last cases implied a processing where no ground control points were used. The scale defined for the 3-D model through the use of either the UAV's GPS data or the use of an object of known dimensions in the images ("Soil bulk density" test case). This may be one of the most beneficial features of the Time-SIFT method, considering that ground control points may be difficult to obtain due to diverse factors such as the use of archival imagery, for which ground information was lost or never collected, or due to a limited accessibility to the ground. Finally, as in the "Rocky shore" test case, ground control points may not be available on some parts of the covered domain simply because there is no stable ground within these parts (foreshore and areas permanently covered by the sea). The Time-SIFT method therefore provides an unprecedented potential for unlocking the processing of stereoscopic imagery, given that absolute reference and/or scale can be given to the multi-temporal block only after the relative orientation of the whole image dataset was obtained.

Expected quality of the co-registration For all the test cases, reprojection error falls within the pixel size or is at worst of the order of magnitude of the pixel. It means that intrinsic co-registration of the image block can be done with a precision which is given by the pixel size. This result is consistent with the known quality of the SIFT features positioning -approximately 0.3 pixel, depending on the feature detection and matching algorithm (Appolonio et al., 2014). In some cases this quality may not be sufficient, in particular when the target phenomena has a magnitude which is only slightly bigger than the pixel size; an approach involving a second step, with image correlation to refine the positions of the SIFT points as in Truong et al. ( 2018), may favourably be tested. Extrinsic quality of the results can be estimated by looking at the compared profiles : their variability on stable zones give an order of magnitude of the noise of the estimated DEMs.

For the Peyne test cases, this finding is supported by the fine DEM and coarse DEM error values quantified in Feurer andVinatier (2018a, 2018b).

Conclusion

In this study we proposed five test cases for checking the ability of the Time-SIFT method to provide coherent multi-temporal 3-D and/or 2D dataset with limited or even without external registration data. Our results show that the Time-SIFT method consistently succeeds in the simultaneous orientation of all the images of different epochs within a significant range of spatiotemporal scales. This work demonstrates that the Time-SIFT method can successfully be applied for a great variety of cases, increasing the possibilities/objectives of image analysis in diverse scientific fields. These very encouraging results open the way to a wealth of work aiming at better characterising the potential of the Time-SIFT method. First, it is now needed to better draw a picture of the conditions needed for an expected success or failure of the Time-SIFT method, considering the spatio-temporal scales of the image datasets relative to the spatio-temporal scales of the changes to monitor or detect. Then sensitivity analyses have to be conducted in order to be able to determine a priori the required parameter set that would enable the success of the method. More generally, the Time-SIFT method may now be used for an even greater variety of case studies and is expected to contribute to a significant unlocking of existing multi-temporal stereoscopic image archive. We could consider several new case studies that should be candidates for testing the Time-SIFT method: the area that exhibited a large landslide displacements (Dewitte et al 1998[START_REF] Lucieer | Mapping landslide displacements using Structure from Motion (SfM) and image correlation of multi-temporal UAV photography[END_REF], the narrow elements of the landscape such as ditches, hedgerows, channels that exhibited strong temporal evolution across seasons (Vinatier et al 2018) or very structured objects such as houses or buildings. Also, for ensuring the dissemination of the Time-SIFT method, we plan to add it as a module to the Photoscan® software. Abstract : This thesis aims to assess the role of within-site environmental spatio-temporal variability on the dynamics and distribution of a sessile intertidal population in a rocky shore habitat. Existing and novel approaches were adapted and combined to address different organization and spatio-temporal scales of Mytilus galloprovincialis mussel population in 2 shores. Field surveys, biophysical models and a novel model of thermal stress accumulation were combined. The results gave quantitative reproduction of microhabitat conditions and the consequent mussel's body temperature and ultimately survival probability to thermal stress (along an entire site extent, with 20 cm resolution and hourly frequency). The population showed a low occupation rate of mussels, with unimodal distribution along the intertidal height and high loss of covered area during the studied year. Mi-crohabitat orientation, slope and intertidal height affected microclimate conditions and the ultimate outcomes of individuals energy balance, i.e., fitness components (growth, reproduction and survival). The interaction between these microhabitat attributes with climate drivers and feeding conditions were responsible for variability of individual's life-history traits. Besides, results demonstrated the fundamental role of feeding conditions on determining the upper limits of mussels' distribution in a temperate site. That is, individuals are restricted to intertidal heights below a specific height where maintenance overpasses the energy acquired from food. These results highlighted the role of within-site (local scale) habitat heterogeneity in driving intertidal species dynamics and distribution.
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 1 Figure 1. Infrared thermography image of a rocky shore intertidal area showing the high spatial temperature variation. Image from Judge et al. (2018).
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 2 Figure 2. Pictures showing aggregates of mussels in a rocky shore. Source: R.V. Barbosa.
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 3 Figure 3. Bentho-pelagic life cycle of Mytilus sp. Pelagic phase indicated from the release of gametes by individuals spawning and fertilization, the larvae development and settlement.Benthic phase; after settlement of larvae into the rocky substrate, juveniles grow and develop to adults that reproduce. Source: R.V.Barbosa. 
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 5 Figure 5. Study site in Le Petit Minou, French Brittany, with the different within-site spatial scales of environmental variability considered: site, rocky shore, intertidal height gradient and quadrat.
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 6 Figure 6. Structure of the thesis with the general questions addressed (gray boxes) and the corresponding chapters where specific analyses were developed in order to answer them.



  SEANOE. https://doi.org/10.17882/80337  Preliminary results from Chapter 4 were presented in the SeaTech Week international conference in March 2020 at Brest (oral presentation). Within-site spatial scale variability of individual traits and population parameters are studied  Significant effect of intertidal height and shore orientation is observed in most of individual traits and population parameters  Biomass contained in a full covered surface do not vary in space nor in time  Biomass stability results from relatively constant crowding and a trade-off between median individuals" size and density  Variation in spawning phenology between the two shores suggests different temporal dynamics of microclimate conditions  The structure of the patches would tend to maintain or carry a maximum of biomass due to trade-offs between density and size while maintaining and maximizing the reproductive output  Spatial variability of individual traits and population parameters suggest within-site heterogeneous conditions that influence individual performance and population processes This Chapter was published in the peer-reviewed PeerJ journal (see Annex I). Barbosa R.V., Bacher C., Jean C., Thomas Y. (2021). Linking individual and population patterns of rocky-shore mussels. PeerJ 9:e12550 https://doi.org/10.7717/peerj.12550 The acquired data have been published in the SEANOE database. Barbosa R. V., Bacher C., Jean F., Thomas Y. (2021). Individual traits and population parameters

  .1). Mussel patches are sparsely distributed on the West rocky shore whereas they form larger and almost continuous patches on the East rocky shore. Mussel patches consisted of only one layer of individuals in the studied area. Although populations of hybrid individuals are found in Brittany region (Bierne et al. 2003), Le Petit Minou site has been characterized by a dominance of Mytilus galloprovincialis (Simon et al. 2020).

Figure 1 . 1 .

 11 Figure 1.1. Study site at Le Petit Minou, Plouzané, France. The ``West'' and ``East'' correspond to the rocky shore sampling areas to the left and right sides of the beach, respectively. Figure source credit: Barbosa R.V., Bacher C., Jean F., Thomas Y. (2021). Individual traits and population parameters of a rocky-shore mussel population. SEANOE. https://doi.org/10.17882/80337 (CC-BYNC).
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 12 Figure 1.2 Schematic representation of the degree of crowding in a patch of individuals as the ratio between the observed covered area and the total basal covered area. The basal covered area corresponds to the projected vertical shadow of the individuals, represented in blue. A perfect equivalence between these areas (grey line) corresponds to a crowding index value of one, when there is no overlap between basal areas. Very crowded patches have a high overlap of the individual basal areas (A), whereas in less crowded patches there is more space between individual basal areas (B). The crowding index takes values > 1 in case A and < 1 in case B.

  leveneTest function (car package; Fox & Weisberg 2019) and visual observation of the residuals versus fitted values. The normal distribution of residuals was verified by their quantile distribution and a Shapiro test of normality using shapiro.test function (stats package; R core team, 2020).

Figure 1 . 3

 13 Figure 1.3 Percentage immersion time (%; left y axis) and intertidal height (m above LAT; right y axis) of quadrat samples on the West and East shores of Le Petit Minou. The lower and upper hinges of the boxplots correspond to the first and third quantiles, the middle line corresponds to the mean value, and whiskers (vertical lines) indicate the highest and smallest values (between 1.5 * the interquartile range (IQR)). Each point corresponds to one quadrat sample.

Figure 1 . 4

 14 Figure 1.4 Annual variation in individual condition index (A), the proportion of individuals at the spawning stage (B), and the recruit density (ind m -2 month -1 ) on the West (dark grey) and East (light grey) shores of Le Petit Minou (C). On (A) the boxplots represent the range between the first and third quantiles and the mean value, with the highest and smallest values (between 1.5 *the interquartile range (IQR)) indicated by the whiskers and individual points represent outliers. On (B) * indicates significant differences between West and East shores (p < 0:05). On (C) barplot represent the mean and standard deviation (SD) of each month and shore. Different letters indicate significantly different groups (p<0:05).
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 15 Figure 1.5 Relationship between the recruit density and adult density in the West (dark grey) and East (light grey) shores of Le Petit Minou. Dots represent the data from West (dark grey)and East (light grey) shores at Le Petit Minou. The trend on each shore is represented by the lines; there is no significant difference in the slope of the regression lines (no significant interaction, for more details, see Table1.2 and TableS1.3).
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 16 Figure 1.6 Estimated von Bertalanffy growth curves and observed age-at-length data (circles)showing the concordance between estimations and observations. The von Bertalanffy curves have been estimated based on the size distribution of all sampled individuals from the West (dark grey) and East (light grey) shores of Le Petit Minou using the ELEFAN_GA approach. Age-at-length data was determined by sclerochronology analysis. Dark grey and light grey circles correspond to the age at length (only the last growth mark was considered) of individuals from the West and East shore (n = 17; from each shore), respectively.
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 17 Figure 1.7 Relationship between instantaneous mortality rate (Z) and the intertidal height (m above LAT) of samples on the West (dark grey) and East (light grey) shores of Le Petit Minou. Lines represent the relationship determined by a general linear model (for more details, seeTable 1.2 and Table S1.3) and dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou. Significant difference between shores is indicated: *rocky shore.

Figure 1 . 8

 18 Figure 1.8 Relationships between intertidal height and population variables: (A) biomass, (B) density, (C) median length, (D) maximum length, and (E) crowding index. (F) Relationship of the crowding index with the median length and density of individuals. Dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou; one for each sample (n = 720). The trends on each shore are represented by the lines in the cases of significant relationships; significant differences between shores are indicated *rocky shore on the plots; there are no significant differences in the slope of the regression lines in each plot (no significant interaction, for more details, see TableS1.2 and TableS1.3). Median length and maximum length were calculated from a variable number of individuals, which corresponded to the total of individuals in the sample excluding recruits (data available in the supplementary material). In panel (F) the surface layer represents the trend of crowding index
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 19 Figure 1.9 Simulated reproductive output of the mussels in the West and East shores of Le Petit Minou. Data are shown relative to the population size structure (bars) and cumulated (curve), for the reproductively mature individuals (i.e., length > 12 mm).

Figure S1. 1

 1 Figure S1.1 (A) Eastness and (B) Northness features of the quadrat samples in both West and East shores in Le Petit Minou, France. The lower and upper hinges of the boxplots correspond to the first and third quantiles, the middle line corresponds to the mean value, and whiskers (vertical lines) indicate the highest and smallest values (between 1.5 * the interquartile range (IQR)). Each point corresponds to one quadrant sample.

  Intercept when the adult density is 2500 ind. m -2 . ( b ) Intercept when the median length is 12.5 mm. x 5 cm resolution topographic structure of an intertidal rocky shore is established from drone imagery. A classification of intertidal topographic microhabitat types based on 10 terrain attributes is developed.

Figure 2 .

 2 1 and each step is described in the next sections. The topographic structure was assessed by deploying a drone survey in Le Petit Minou. The images were processed to obtain the digital elevation model (DEM) at 1 cm spatial resolution and derivate 10 terrain attributes. We then applied cluster analysis to classify and describe potential topographic microhabitats based on the combination of the 10 terrain attributes.
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 21 Figure 2.1 Schematic representation of the general workflow. Numbers indicate the corresponding section where each step is described.

Figure 2 . 2 A

 22 Figure 2.2 A) Study site location, Le Petit Minou, France, and B) the West and East rocky shore areas surveyed by the drone in Le Petit Minou.

Figure 2 . 3

 23 Figure 2.3 Schematic representation of the calculation of roughness, terrain roughness index (TRI) and topographic position index (TPI) from a cell (central cell in dark orange) of a digital elevation model (DEM).

Figure 2 . 4

 24 Figure 2.4 Distribution of A) orientation and B) slope terrain attributes in the intertidal zone ([1 -8] m above LAT) from the West and East shore in Le Petit Minou, France. Central plots show the percentage of cells (20 x 20 cm resolution) of each shore with particular orientation and slope conditions.

  ).Microhabitats 6 and 8 are observed generally together in crevices, representing their concave and high slope features, but differ in their heterogeneity (Figure2.6 and Figure2.7).
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 25 Figure 2.5 Overview of the terrain attributes derived from the digital elevation model (DEM) of Le Petit Minou (top right). Blue square in the DEM indicates the position of the inset map. The ten terrain attributes were used for characterizing the topographic habitats types. Scale bars indicate the respective scales of the DEM (top right) and the insets of terrain attributes.
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 2 Figure 2.6 A-J) Terrain attributes of the eight topographic microhabitats identified with the cluster analysis. K-L) Bidimensional plot of cells from the topographic microhabitats showing their relationships, i.e., closer microhabitat types in the biplot are more similar in their topographic features. TRI: topographic roughness index, TPI: topographic position index. The different colors by topographic microhabitat correspond to the colors used in the map representation in Figure 2.7. Boxplots are represented without outlier points to facilitate the identification of differences between microhabitats.
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 2 8A-B). This difference was compensated by a higher proportion of microhabitats 4, 6, 7 and 8 in the West than in the East (Figure2.8A-B).The distribution of available area varied along the intertidal height gradient (0-8 m above the LAT), and consequently the distribution of topographic microhabitats also varied along the gradient, depending on the shores (Figure2.9A). Some differences were related to a different intertidal height range of available substrate between shores. The west shore presented rocky substrate covering the range between 2 and 5 m, whereas the East shore range was between 2 and 6 m above the LAT (Figure2.9B-C). Higher surface was occupied by topographic microhabitats 2, 3 and 7 (measured as density of pixels) in the range between 2 to 4 m in both shores, with a steep decrease after 4 m in the west and high representation until 6 m height in the East shore (Figure2.9B-C). Microhabitats 1, 5, 6 and 8 presented similar covered surfaces along the entire intertidal range of both shores, whereas microhabitat 4 was mainly distributed above 4 m height in both shores (Figure2.9B-C).

Figure 2 . 7

 27 Figure 2.7 Distribution of habitat types in Le Petit Minou. Central images represent a zoom in the area with the details of the real surface (left image) and the corresponding microhabitats (right image). Different colors refer to the eight types of topographic microhabitats. Spatial resolution of topographic microhabitat cells is 5 x 5 cm.
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 28 Figure 2.8 Proportion of covered area (%) of the topographic microhabitat types in the West (A) and East (B) shore. Proportions of area are relative to the corresponding rocky substrate area available in the intertidal area (0-8 m above the LAT) at each shore (1515.76 m 2 and 1460.64 m 2 in the West and East shores, respectively).
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 29 Figure 2.9 Total number of cells distributed along the intertidal height gradient in the West and East shore (A), and the specific distribution of each topographic microhabitat (1 to indicated in panels) along the intertidal height (from 0 to 8.3m) in the West (B) and East (C) shore in Le Petit Minou.

1

 1 Figure S2.1 Polar chart showing the main orientation and slope in each topographic microhabitat in the west (A) and east shore (B). From blue to red color gradient indicates increase of number of cells (5 x 5 cm) with the correspondent features. Total number of cells vary depending on the microhabitat type (see details about the covered area of each topographic microhabitat in section 3.2). Scales of colors differ between clusters due to their different areas (total cells) and are not essential for the interpretation of main orientation, which is the objective of this figure (see detailed scale colors in Figure S2.2).

Figure S2. 2 

 2 Figure S2.2 Scale color gradients corresponding to Figure S2.1 "C" indicates "cluster".

Figure 3 . 1

 31 Figure 3.1 Scheme of the workflow. Numbers indicate the corresponding section where each step is described

  ). Secondly, environmental conditions are downscaled considering the effect of microtopography, i.e., high resolution DEM. Both, mesoscale and microscale downscaling topographic effect are estimated by accounting for: a) solar position angle respect to the east (azimuth), which changes along the day, and the solar angle respect to the vertical projection in the equator position (zenith), which changes along the year. Both measures determine the direction of the solar radiation that interacts with the terrain attributes determined before (Figure 3.2A); b) cloud cover that affects the albedo and consequently radiation propagation and reflection as diffuse radiation (Figure 3.2A); c) heat transfer from determined time to the next hour. d) topographic structure represented by: 1. the sky view factor -the fraction of visible sky-, which allow correcting the incoming radiation depending on the proportion of sky obstruction effects on a sloping surface, taking values between 0 and 1 when decreasing the obstruction effect over a cell (pixel), i.e., 0 represent a completely covered or shaded pixel (Figure 3.2B); 2. the aspect or orientation angle; 3. the slope respect to the horizon. The input hourly meteorological data used in the runauto function was obtained from MeteoFrance and NOAA-NCEP (see details in Table 3.1 and Figure S3.1).

Figure 3 . 2

 32 Figure 3.2 Schematic representation of the effect of topographic structure on the solar radiation that reaches the substrate small-scale. A) The different radiations, direct, diffuse and reflected, reaching an area with direct solar exposition. B) representation of the sky view factor to represent an area completely open to sky, sky view factor 1, and other with partially obstruction effects on a sloping surface.

Figure 3 . 3

 33 Figure 3.3 Landunvez study site with the geographic position of temperature data loggers (stars) available in Landunvez (stars) during 2015 (data from Seabra et al. 2011, 2015) and the selected cells of predictions (dots). The different colors of stars and dots represent the top, mid and low intertidal height, at both cold and hot microsites (see legend). The basemap shows the DEM used in runauto function (100 x 100 cm resolution; co produced by IGN and SHOM, available on https://diffusion.shom.fr/pro/risques/altimetrie-littorale/litto3drfinistere-2014.html.); colors represent the intertidal height from low intertidal to high intertidal height (indicated in legend). Top left panel indicates the localization of the Landunvez site with respect to Le Petit Minou, in French Brittany.

  ii) mean error (ME) (from all predicted hours N) and root-mean-square error (RMSE) between each replicate prediction and average observations from each microsite type. ME measures the trend of predictions relative to observations. Positive ME indicates an overall overestimation of observed temperatures, whereas negative values indicate underestimation.RMSE is a measurement of model precision, indicating the absolute magnitude of error. The mean and standard deviation of replicates ME and RMSE from each microsite type was calculated.
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 34 Figure 3.4 Schematic representation of the workflow for calculating the metrics of temperature from hourly spatial data to year spatial data.

  Figure 3.7).

Figure 3 . 5

 35 Figure 3.5 Time series of average predicted and average observed hourly temperatures during 6 days of winter (left) and summer (right) in the Low intertidal cold and hot microsites. Each dotted line represents the average of prediction (color of the microhabitat) and observation (black). Light grey shaded background indicates the hours during the night. Air (light grey) and water temperature (blue line) are indicated. Immersion and emersion period are indicated by the black line in the bottom of the plot, i.e., the line at 1 indicates immersion, whereas the line at 0 indicates emersion (y-axis at right).

Figure 3 . 6

 36 Figure 3.6 Time series of average predicted and average observed hourly temperatures during 6 days of winter (left) and summer (right) in the Mid intertidal cold and hot microsites. Each dotted line represents the average of prediction (color of the microhabitat) and observation (black). Light grey shaded background indicates the hours during the night. Air (light grey) and water temperatures (blue line) are indicated. Immersion and emersion period are indicated by the black line in the bottom of the plot, i.e., the line at 1 indicates immersion, whereas the line at 0 indicates emersion (y-axis at right).
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 37 Figure 3.7 Time series of average predicted and average hourly temperatures during 6 days of winter (left) and summer (right) in the Top intertidal cold and hot microsites. Each dotted line represents the average of prediction (color of the microsite) and observation (black). Light grey shaded background indicates the hours during the night. Air (light grey) and water temperature are indicated. Immersion and emersion period are indicated by the black line in the bottom of the plot, i.e., the line at 1 indicates immersion, whereas the line at 0 indicates emersion (y-axis at right).
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 38 Figure 3.8 Relation between average intertidal microclimate predictions and average observations from different microsite types. Dots are individual hourly values of temperature (°C). Solid black lines are 1:1 lines and solid orange lines are linear regressions. Predictions were averaged between the selected cells indicated in Table1.
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 39 Figure 3.9 Taylor diagram showing the comparison of average observed hourly temperatures (°C) against each observation (green dots) and predictions (red dots) in Low, Mid and Top intertidal, both "cold" and "hot" microsites (in each plot). Central black circle in the x axis indicates the reference, which was represented as the average observations of the corresponding microsite type (when replicated observations were available). Radial distance (black line) from the reference represents the amplitude of temperature variation (standard deviation). The azimuthal radial angle depicts the correlation coefficient between the reference and the different observations and predictions, and their RMS is shown by the concentric grey lines centered on the reference.
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 4 Figure 3.11 Figure 3.12). Daily minimums were more variable at mid intertidal than at low or

Figure 3 .

 3 Figure 3.10 Time-series of predicted (left column) and observed (right column) daily mean, maximum and minimum of temperature (°C), in the low intertidal cold and hot microsites.Each dot corresponds to the mean of observations at each day (for detail on the number of replicates see Table3.1).

Figure 3 .

 3 Figure 3.11 Time-series of predicted (left column) and observed (right column) daily mean, maximum and minimum of temperature (°C), in the mid intertidal cold and hot microsites. Each dot corresponds to the mean of observations at each day (for detail on the number of replicates see Table 3.1).

Figure 3 .

 3 Figure3.12 Time-series of predicted (left column) and observed (right column) daily mean, maximum and minimum of temperature (°C), in the top intertidal cold and hot microsites. Each dot corresponds to the mean of observations at each day (for detail on the number of replicates see Table3.1).
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 3 Figure3.13 Taylor diagrams showing the comparison of average observed daily mean, maximum, minimum and sd of temperature (°C) against each observation (green dots) and predictions (red dots) in Low, Mid and Top intertidal, both "cold" and "hot" microclimates (in each row of plots). Central black circle in the x axis indicates the reference, which was
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 314 Figure 3.14 Monthly dynamics of above ground air temperature metrics from January 2019 to December 2019 in Le Petit Minou, France. Mean and SD of each metric were calculated from the monthly averaged metric over the entire shore area, thus, representing the spatial average and spatial within-site variability, respectively. Only West shore data is represented in this figure since the relationship between metrics was similar in both shores.
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 3 Figure 3.15 Predicted annual mean of daily average temperatures (A) and annual mean of daily standard deviations (B). Histograms in the center of plots represent the distribution of cells along the intertidal height and their corresponding temperature metric value in the West and East shore. The temperatures here are averaged by bathymetric level and do not represent the variation within a level. See next section for an assessment of this effect. Spatial resolution of cells is 20 x 20 cm. The considered period was January 2019-December 2019.

Figure 3 .

 3 Figure 3.16 Predicted annual average of daily maximum temperatures (A) and extreme maximum temperatures at the quantile 95 (B). Histograms in the center of plots represent the distribution of temperature along the intertidal height in the West and East shore. The temperatures here are averaged by bathymetric level and do not represent the variation within a level. See next section for an assessment of this effect. Spatial resolution of cells is 20 x 20 cm. The considered period was January 2019-December 2019. Note that the scale gradient of temperature differs between A and B.
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 3 Figure 3.17 Predicted annual average of daily minimum temperatures (A) and the extreme minimum temperatures (B). Histograms in the center of plots represent the distribution of temperature along the intertidal height in the West and East shore. The temperatures here are averaged by bathymetric level and do not represent the variation within a level. See next section for an assessment of this effect. Spatial resolution of cells is 20 x 20 cm. The considered period was January 2019-December 2019. Note that the scale gradient of temperature differs between A and B.
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 3 Figure 3.18 Spatial mean of daily average maximum temperature (A) and extreme maximum temperature (B) metrics for each microhabitat (cluster). Each dot represents the mean of the entire area covered by the topographic microhabitat in the specific bathymetric range and shore. Based on temperature predicted from January 2019 -December 2019 in Le Petit Minou.

Chapter 2 )

 2 . This likely occurred because the sun faced more directly the East shore, whereas the sun would face the West indirectly (mesoscale topography effect) when maximums were predicted (Figure3.19). These results, in concordance withDenny et al. (2006) and[START_REF] Gilman | Body temperatures of an intertidal barnacle and two whelk predators in relation to shore height, solar aspect, and microhabitat[END_REF], highlighted the importance of both, the orientation and the "specific timing of emersion" in the maximum temperature and potential temporal/seasonal variations in the absolute thermal differences among orientations.

Figure 3 .

 3 Figure 3.19 A) Schematic representation of the solar position during the 26 June 2019, where the extreme temperature of the year was predicted. B) Distribution of orientation of microsites (20 x 20 cm resolution) in Le Petit Minou West and East. This represents the difference in the orientation of solar radiation and consequently different local solar radiation between the West and East shore.

Figure S3. 2

 2 Figure S3.2 Monthly dynamics of predicted hourly temperature error relative to the average observations in each microhabitat.

Figure S3. 3 Chapter 4

 34 Figure S3.3 Spatial mean of temperature metrics for each microhabitat (cluster). Each dot represents the mean of the entire area covered by the topographic microhabitat in the specific bathymetric range. Maximum q95 (C) is the average monthly 95-percentile of daily maximum temperatures (temperature predicted from January 2019 -December 2020 in Le Petit Minou).

  intertidal height position, slope, orientation angle and the distribution of topographic microhabitats developed in Chapter 2 (Figure 4.1).

Figure 4 . 1

 41 Figure 4.1 Workflow showing the data acquisition and the corresponding data processing to address the objectives of this chapter. The numbers indicate the section where each step is explained. RGB: Red, Green, Blue; MVI: Mussel Visualization Index.

  First, shaded areas were identified based on the digital elevation model (DEM) slope and orientation structure and solar angle of incidence at the time of the drone survey by applying the hillShade function in R (raster package; Hijmans 2020). The solar angle and altitude at the time of the drone survey was obtained from the NOAA solar position calculator (https://gml.noaa.gov/grad/solcalc/azel.html). The resultant shaded areas were used to mask the orthophotos. Second, the frequency distribution of cells classified as potential mussels" coverage in the orthophoto of 2019 were evaluated along the intertidal height gradient. Three main groups of cells with mussel"s MVI values were observed and separated based on their frequency distribution along the intertidal height. A Gaussian curve was calculated for each group identified using the normalmixEM function in R (mixtools package;[START_REF] Benaglia | Mixtools: An R Package for Analyzing Mixture Models[END_REF], which "maximizes the conditional expected complete-data log-likelihood at each Mstep of the algorithm"[START_REF] Benaglia | Mixtools: An R Package for Analyzing Mixture Models[END_REF]. The three groups were distributed in the low, mid and high intertidal, which corresponded to algae, mussels and lichens distribution, respectively. Then, the intertidal height range of mussels coverage' cells was differentiated from algae and lichens height distribution by separating the Gaussians distributions based on their interception using Intersect2Mixtures function in R (AdaptGauss package;Thrun et al. 2020). This determined the range of distribution of mussels, between 2.55 to 5.70 m height.Cells outside this range were considered as false positives (false mussel coverage"s cells) and discarded from both orthophotos (2019 and 2020).

Figure 4 . 2

 42 Figure 4.2 Mussels coverage' distribution dynamics between June 2019 and June 2020 in the West and East rocky shore in Le Petit Minou, France. Inset images from the West (top panels) and East shore (bottom panels) show mussels' occupation in 2019 and 2020, and the resultant dynamics. Areas where individuals were present in 2019 but absent in 2020 (loss), areas without mussels in 2019 but with mussels" presence in 2020 (gain), and areas where mussels were present in both 2019 and 2020 (persistence) are indicated. Yellow stars indicate the location of inserted images; scale bars are in meters.

Figure 4 . 4

 44 Figure 4.4 Relative distribution dynamics of covered area by differentiating the persistence, loss and gain areas along the intertidal height in the West and East shore. Covered area was represented as the percentage of initial total covered area, considering 2019 (= persistence + loss) as 100% of the corresponding shore.

Figure 4 . 5

 45 Figure 4.5 Distribution dynamics (in area) in each topographic microhabitat type in the West (A) and East (B) shore and the percentage of the initial occupied area (June 2019) of the topographic microhabitats that presented gain, loss and persistence after a year (in June 2020) in the West (C) and East shore (D). In C and D, relative covered area was represented as the percentage of initial total covered area, considering 2019 as 100% of the corresponding shore. Note that y axis scales are different between plots.

Figure 4 . 6

 46 Figure 4.6 Proportion of area with specific slope -orientation combination originally occupied in 2019 that was lost from June 2019 to June 2020. Scale of color gradient indicates the percentage of occupied area during June 2019 that was lost until June 2020. Polar chart diagram depicts the percentages in color gradient at each slope -orientation combination microsite (cells 20 x 20 cm). Letters indicate the cardinal orientation North (N), East (E), South (S) and West (W). Flat to vertical slope gradient (0 -90 angle) is represented from the center to the border of the polar plot

Figure 4 . 7

 47 Figure 4.7 Proportion of available area with specific slope -orientation combination along the intertidal height range of mussels presence (3.23 -8m height above LAT) that presented mussels gained area from June 2019 to June 2020. Polar chart diagram depicts the percentages in color gradient of each slope -orientation combination microsite (cells 20 x 20 cm). Letters indicate the cardinal orientation North (N), East (E), South (S) and West (W). Flat to vertical slope gradient (0 -90 angle) is represented from the center to the border of the polar plot.

(

  Figure 4.8 and Figure S4.1).

Figure 4 . 8

 48 Figure 4.8 Images time-series showing an inset of mussels covered area dynamic in the East shore (top panels). Daily dynamics of water temperature (black y axis and continuous line) and maximum wave height (grey y axis and grey dots) (central panel). Central black line represents mean water temperature from the period 2009-2018; red and blue fill indicate the positive and negative difference of daily temperature against the mean, respectively. Condition index of individuals showing significant differences between shores in August 2019, which coincided with a period of high temperature and waves height (highlighted in yellow).

Figure S4. 2 

 2 Figure S4.2 Surface (number of cells) of available area with specific slope -orientation combination (A). Persistence, gain and loss area with specific slope -orientation combination (B, C and D, respectively). Polar chart diagram depicts the area in number of cells with each slope -orientation combination microsite (cells 20 x 20 cm). Letters indicate the cardinal orientation North (N), East (E), South (S) and West (W). Flat to vertical slope gradient (0 -90 angle) is represented from the center to the border of the polar plot.

Figure 5 . 1 .

 51 Figure 5.1. Workflow showing the data acquisition and the corresponding data processing to address the objectives of this chapter.

original

  Mediterranean distribution (see Monaco & McQuaid 2019) for a contrast of performance curve of M. galloprovincialis from a different distribution area). The influence of temperature on individuals physiological rates can be represented by the sensitivity equation based on Arrhenius thermodynamics (Freitas et al. 2010, Sarà et al. 2011a), which determines a temperature correction factor that regulates individual metabolism rates. Here, the temperature correction factor which corresponds to the lower threshold of Arrhenius temperature of M. edulis thermal stress threshold (25°C) was used to determine the threshold of thermal stress of M. galloprovincialis, which indicated a threshold of 29°C (Figure 5.2, red line and dot, respectively).

Figure 5 . 2 .

 52 Figure 5.2. Arrhenius temperature curves of M. edulis (red line) and M. galloprovincialis (blue dashed line) with the threshold temperature (red and blue point, respectively) at which thermal stress accumulation starts. Arrhenius temperature curves were obtained by Thomas & Bacher (2018) from observations. The threshold temperature of M. edulis (red vertical line) was determined based on experimental results from Seuront et al. (2019). M. galloprovincialis temperature threshold (blue vertical line) was calculated by first determining the temperature correction factor corresponding to M. edulis threshold (blue point) and then calculating the temperature at which M. galloprovincialis Arrhenius curve crossed the same correction factor of M. edulis threshold (red point).

Figure 5 . 3 .

 53 Figure 5.3. Schematic representation of the heat fluxes (Q) between a mussel bed and its surrounding environment. The body temperature of a mussel individual inside the bed depends on environmental air temperature (Tair), solar radiation (S), wind velocity (U) and temperature of the ground (Tground). Scheme modified from Helmuth (1998) and adapted for a mussel "bed".

Figure 5 . 4 .

 54 Figure 5.4. Sigmoidal relationship between the accumulated degree-hour over consecutive days. Degrees-hour were calculated when the temperature was over the threshold (29°C for M. galloprovincialis). Data are taken from Seuront et al. (2019).

Figure 5 . 5 .

 55 Figure 5.5. Spatial distribution of the survival probability to thermal stress during a year in Le Petit Minou, France, from June 2019 to June 2020. Central plot with an inset of the distribution in the East shore (red square). Survival probability predicted with a threshold of temperature of 29°C for Mytilus galloprovincialis.

Figure 5 . 6 .

 56 Figure 5.6. Proportion of available area at determined intertidal height as a function of the predicted survival probability in the West and East shores in Le Petit Minou, France.Proportions are calculated in relation to the total available area of the corresponding intertidal range. The trend was similar along the intertidal area (0-8m above the LAT), but only the intertidal range around the mussels" distribution is represented in this figure (2.9-5.9 m above the LAT).

Figure 5 . 7 .

 57 Figure 5.7. Relationship between the mean and minimum survival probability (A and B, respectively) and the slope (radial y-axis, from center to border) and orientation (angular axis, clockwise; North at 0 degrees) of microsites in the intertidal range from 0 to 8 m above LAT (resolution 20 x 20 cm). Survival probability predicted with a threshold of temperature of 29°C for Mytilus galloprovincialis.

Figure 5 . 8 .

 58 Figure 5.8. Percentage of area with determined survival probability at different intertidal height in the West and East shore. A) Polar chart diagram depicting the mean survival probability according to the orientation (angular axis, clockwise; North at 0 degrees) and slope conditions (radial, from center to border) of all microsites available in different intertidal ranges where mussels are distributed in the West and East shore. Each of the six polar charts correspond to one intertidal height range indicated in panels. B) Trend of mean survival probability along the intertidal height gradient among delimited cardinal orientations; northwest (N-W), northeast (N-E), east-north (E-N), east-south (E-S), southeast (S-E), southwest (S-W), west-south (W-S) and west-north (W-N). Mean survival probability was calculated between cells corresponding to each cardinal orientation and intertidal height group shown in A. Survival probability based on a threshold of temperature of 29°C.

Figure 5 . 9 .

 59 Figure 5.9. Mussels occupation rate (%) during June 2019 in relation to the predicted survival probability in the West (A) and East shore (B), considering the intertidal range of mussels occupation (3-6 m above the LAT).

Figure 5 . 10 .

 510 Figure 5.10. Relative distribution dynamics of covered area by differentiating the persistence, loss and gain areas as a function of the predicted survival probability in the West (A) and East shore (B) (100% area was represented as total covered area during 2019, i.e., same as persistence + loss). Percentage of loss, gain and persistence area respect to the originally occupied area in 2019, as a function of the predicted survival probability to thermal stress in the West (C) and East (D) shore.

Figure 5 .

 5 Figure 5.11. Predicted survival probability in the microsites with mussels. Loss, Gain and persistence areas in the West and East shore by each cardinal orientation.

  Figure S5.7). It has to be considered that the number of days was not explicitly considered in our model configuration and further studies should address the effect on survival of similar cumulated degrees in different numbers of days. Another model of survival to thermal stress was formalized in (Mislan et al. 2014) for M. californianus using similar experimental data than Seuront et al. (2019), but they explicitly represented the number of days of exposition. Despite explicitly representing the number of days of exposition, Mislan et al. (2014) applied a linear model of logit transformed survival percentage, which takes the assumption of an uniform temperature during the period of stress and thus simplifies the real temperature history observed in the field. Our survival model approach improves these previous attempts by allowing us to consider a highly dynamic temperature history (Morash et al. 2018), which characterizes intertidal environments. The concordance between survival probability distribution and species distribution at "between shores scale" (see next section 5.5.2) support the validity of our model. Extra experimental analyses should focus on the validation of the possibility of having similar survival probabilities among different temperature histories depicting similar accumulated degrees-hour.

Figure S5. 2

 2 Figure S5.2 Spatial distribution of downscaled input environmental conditions, shortwave radiation (W.m -2 ) (A), wind shear velocity (m.s -1 ) (B) and air temperature at 5 cm above the ground (C), to calculate the body temperature at emersion (D) at a determined hour during winter (16h UTM; 07-01-2020). (E) The intertidal body temperature, which considers the water at height determined by the tide. Layers have CRS GSW84.

Figure S5. 3

 3 Figure S5.3 Spatial distribution of downscaled input environmental conditions, shortwave radiation (W.m -2 ) (A), wind shear velocity (m.s -1 ) (B) and air temperature at 5 cm above the ground (C), to calculate the body temperature at emersion (D) at a determined hour during summer (16h UTM; 24-06-2020). (E) The intertidal body temperature, which considers the water at height determined by the tide. Layers have CRS GSW84.

Figure S5. 4

 4 Figure S5.4 Temporal dynamic comparison of predicted body temperature and air temperature at punctual locations (1 cell) during 10 days of summer 2019. Red triangles indicate the time represented in Figure S5.3.

Figure S5. 5

 5 Figure S5.5 A) Polar chart diagram depicting the minimum survival probability according to the orientation (angular axis, clockwise; North at 0 degrees) and slope conditions radial, from center to border) of all microsites available in the low, mid and top range of mussels" distribution in the West and East shore. Each of the six polar charts correspond to one intertidal height range indicated in panels. B) Trend of average minimum survival probability along the intertidal height gradient among delimited cardinal orientations; northwest (N-W), northeast (N-E), east-north (E-N), east-south (E-S), southeast (S-E), southwest (S-W), westsouth (W-S) and west-north (W-N). Mean survival probability was calculated between cells corresponding to each cardinal orientation and intertidal height group. Survival probability based on a threshold of temperature of 29°C.

Figure S5. 6

 6 Figure S5.6 Survival probability distribution with different thresholds of temperature; A) 25°C and B) 30°C, on the West and East shore in Le Petit Minou. C) Predicted survival probability with different temperature thresholds, from 25 to 30°C (discontinued blue line indicates the probability equal to 0.9). D) Proportion of total area (%) containing predicted survival probability higher than 0.9 in relation to an increase of temperature threshold parameter in West and East shore.

Figure

  Figure S5.7 A) Survival probability cumulative distribution of predictions with different temperature threshold in the West and East shore. B) The mean relative difference of survival probability (considering only the area where survival < 0.99) in relation to the temperature threshold in the West and East shore. The regression had a R 2 = 0.94; significant difference between West and East and no significant shore:threshold interaction.

  intertidal height gradient. They are generally correlated among seasons but present opposite spatial variation. Food availability increases at lower intertidal due to time of immersion and mean daily temperature and accumulated temperature degrees over specific tolerance threshold increases toward top intertidal (Chapter 3 and Chapter 5). It is, thus, of paramount importance to understand how different combined temperature-history and food availability could affect species fitness. Fitness "involves the ability of organisms -or, more rarely, populations or species-to survive and reproduce in the environment in which they find themselves" (reviewed in Orr 2009) and references therein). The consequence of temperature-history on individuals" survival and reproduction would determine their contribution of genes to the next generation. A high variety of microhabitat conditions along intertidal rocky shores can present spatial variation of temperatures similar to the variance observed at large latitudinal gradients (e.g.,Seabra et al. 2011). Specifically, differences in slope-orientation, intertidal height and mesoscale topography creates a mosaic of thermal stress conditions along intertidal rocky-shores (Chapter 5). That means that intertidal rocky shores microtopographic variability could affect the potential fitness of individuals and populations, but this has not yet been explored.

  responses and the important role of connectivity process along the Northeast Atlantic coasts highlighting the importance of local scale processes(Thomas et al. 2020). Considering environmental variability along the intertidal,Sarà et al. (2011) applied the DEB model for exploring the mechanisms that limit the distribution of intertidal M. galloprovincialis along the Mediterranean coasts. They showed the ability of the model for predicting the presence or absence of the species depending on chlorophyll a, body temperature and aerial exposure time. Besides, they suggested that lethal aerial temperatures limited mussels" intertidal distribution in the north of Italy, whereas sublethal conditions constrained the distribution in sites from Portugal. At a local scale, showed the DEB model has demonstrated its reliability

Figure 6 . 1

 61 Figure 6.1 Schematic representation of energy balance along the intertidal height gradient, with external factors affecting the energy balance: food availability regulated by the immersion time duration and thermal stress (associated to temperature history). Figure adapted to an intertidal gradient from (Sokolova 2021).

  a) No biotic interactions (i.e., predation or spatial competition). b) No population level processes such as recruitment and larval dispersion, thus, no spatial connections with other sites. c) Equal physiologic/metabolic among individuals (i.e., no inter-individual phenotypic or genotypic differences). d) Equal response to temperature over the time (i.e., no acclimatization process). e) Equal metabolic response during immersion and emersion time. f) Independence of body temperature to individual body size, i.e. even if the DEB model simulates individual growth in size, predicted body temperature history (from Chapter 5) was based on a mussel layer of uniform individual size of 3 cm.

Figure 6 . 2

 62 Figure 6.2 Scheme of the DEB model structure, with the four state variables (in blue squares), the fluxes of energy (arrows) between them and the result of such energetic dynamics. Dashed arrows depict the loss of energy as overheads. Forcing variables, phytoplankton (in green circle) and temperature (in red circle) are represented signaling the interaction between the environment and the organism process level. Equations of the energy flows are given in TableS6.2.

Figure 6 . 3

 63 Figure 6.3 Growth curve from DEB simulations (lines) and length-at-age observations (dots) at diverse positions in the intertidal height from west and east shores from Le Petit Minou. Each simulation was run with predicted body temperature and intertidal height from sampled individuals" positions.

  .4, Figure S6.2, Figure S6.3 and S6.4). Maximum individual length decreased at increasing intertidal height (Figure 6.4A).

Figure 6 . 4

 64 Figure 6.4 Final individual length (A), shrinking events (total of hours) (B), reproductive energy (C), spawning phenology (Julien day) (D) and survival probability (E) depending on the intertidal height (m above the LAT) in Le Petit Minou West shore. Boxplots show the mean, first and third quartile and extreme values from all possible combinations of slopeorientation at each intertidal height position (ranges of 20cm height with central height indicated in x-axis). Shrinking state is computed as the number of hours under shrinking state 1, i.e., under starving conditions.

Figure 6 . 5

 65 Figure 6.5 Mean energy balance of M. galloprovincialis individuals simulated by the DEB model across the intertidal height gradient with: the total intake energy (green left bar) that is allocated to growth, maintenance reproduction and reserve during the studied year (right bar; see color legend). Each intertidal position represents a range of 20 cm height with central height indicated in x-axis; bars represent the mean of individual simulations under diverse microsites with all slope-orientation combinations.

Figure 6 . 6

 66 Figure 6.6 Final cohort fitness among microsites with different slope and orientation combinations (left column) in the five intertidal height ranges (increasing intertidal height from bottom to top). The differences by cardinal orientation are represented by intertidal height, with different letters indicating significant differences (p-value < 0.05). Colored lines outside polar plots indicate the division of cardinal orientations corresponding to the boxplots.

Figure S6. 2

 2 Figure S6.2 DEB model inputs, hourly temperature and Chlorophyll a (A), and outputs: structural length (B), reproductive (C), weight mass (D) from the east shore simulations. Colors indicate different intertidal heights; from 3 to 5.4 m above the lowest astronomical tide (LAT). Black = 3m; dark blue = 3.6m; blue = 4.2m; light blue = 4.8m; brown = 5.5 ∓0.1m; and orange = 5.8m.

Figure S6. 3

 3 Figure S6.3 DEB model inputs, hourly temperature and Chlorophyll a (a), and outputs: structural length (b), reproductive (c), weight mass (d) from the West shore simulations. Colors indicate different cardinal orientation of microsites (see legend).

Figure S6. 4

 4 Figure S6.4 Final individual length (A), shrinking state (total of hours with shrinking = 1) (B), reproductive energy (C), spawning (D) and survival probability (E) under mean and marginal or local extreme conditions in Le Petit Minou West shore. Response variable is represented in the y-axis indicated at left, with increasing values from the center to the exterior. Boxplots represent the mean, first and third quartile and extreme values at microsites with diverse slopes at each orientation (x-circular-axis) and intertidal height position (ranges of 20cm height with central height indicated in x-axis). Shrinking state is represented as the number of hours under shrinking state 1, i.e., under starving conditions. Spawning phenology is indicated as the number of days since the beginning of simulations.

Figure S6. 5

 5 Figure S6.5 Energy allocation in growth, maintenance, reproduction and reserve (proportion of total assimilated energy) along the intertidal height gradient. The excess of 100% intake energy from feeding (food assimilation) indicates the energy mobilized from the reserve to compensate for maintenance demand during periods of starvation, i.e. shrinking process.

Figure 1

 1 Figure 1 Study site at Le Petit Minou, Plouzane, France. The ''West'' and ''East'' correspond to the rocky shore sampling areas to the left and right sides of the beach, respectively. Figure source credit: Barbosa Romina Vanessa, Bacher Cedric, Jean Frederic, Thomas Yoann (2021). Individual traits and population parameters of a rocky-shore mussel population. SEANOE. https://doi.org/10.17882/80337 (CC-BY-NC). Full-size DOI: 10.7717/peerj.12550/fig-1

Figure 2

 2 Figure 2 Schematic representation of the degree of crowding in a patch of individuals as the ratio between the observed covered area and the total basal covered area. The basal covered area corresponds to the projected vertical shadow of the individuals, represented in blue. A perfect equivalence between these areas (grey line) corresponds to a crowding index value of one, when there is no overlap between basal areas. Very crowded patches have a high overlap of the individual basal areas (A), whereas in less crowded patches there is more space between individual basal areas (B). The crowding index takes values > 1 in case A and < 1 in case B. Full-size DOI: 10.7717/peerj.12550/fig-2

Figure 3

 3 Figure 3 Percentage immersion time (%; left y axis) and intertidal height (m above LAT; right y axis) of quadrat samples on the West and East shores of Le Petit Minou. The lower and upper hinges of the boxplots correspond to the first and third quantiles, the middle line corresponds to the mean value, and whiskers (vertical lines) indicate the highest and smallest values (between 1.5 * the interquartile range (IQR)). Each point corresponds to one quadrat sample. Full-size DOI: 10.7717/peerj.12550/fig-3

Figure 4

 4 Figure 4 Annual variation in individual condition index (A), the proportion of individuals at the spawning stage (B), and the recruit density (ind m -2 month -1 ) on the West (dark grey) and East (light grey) shores of Le Petit Minou (C). On (A) the boxplots represent the range between the first and third quantiles and the mean value, with the highest and smallest values (between 1.5 * the interquartile range (IQR)) indicated by the whiskers and individual points represent outliers. On (B) * indicates significant differences between West and East shores (p < 0.05). On (C) barplots represent the mean and standard deviation (SD) of each month and shore. Different letters indicate significantly different groups (p < 0.05). Full-size DOI: 10.7717/peerj.12550/fig-4

Figure 5

 5 Figure 5 Relationship between the recruit density and adult density in the West (dark grey) and East (light grey) shores of Le Petit Minou. Dots represent the data from West (dark grey) and East (light grey)shores at Le Petit Minou. The trend on each shore is represented by the lines; there is no significant difference in the slope of the regression lines (no significant interaction, for more details, see Tables2 and S3).Full-size DOI: 10.7717/peerj.12550/fig-5

  Figure 5 Relationship between the recruit density and adult density in the West (dark grey) and East (light grey) shores of Le Petit Minou. Dots represent the data from West (dark grey) and East (light grey)shores at Le Petit Minou. The trend on each shore is represented by the lines; there is no significant difference in the slope of the regression lines (no significant interaction, for more details, see Tables2 and S3).Full-size DOI: 10.7717/peerj.12550/fig-5

Figure 6

 6 Figure 6 Estimated von Bertalanffy growth curves observed age-at-length data (circles) showing the concordance between estimations and observations. The von Bertalanffy curves have been estimated based on the size distribution of all sampled individuals from the West (dark grey) and East (light grey) shores of Le Petit Minou using the ELEFAN_GA approach. Age-at-length data was determined by sclerochronology analysis. Dark grey and light grey circles correspond to the age at length (only the last growth mark was considered) of individuals from the West and East shore (n = 17; from each shore), respectively. Full-size DOI: 10.7717/peerj.12550/fig-6

Figure 7

 7 Figure 7 Relationship between instantaneous mortality rate (Z) and the intertidal height (m above LAT) of samples on the West (dark grey) and East (light grey) shores of Le Petit Minou. Lines represent the relationship determined by a general linear model (for more details, see Tables2 and S3) and dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou. Significant difference between shores is indicated: *rocky shore.Full-size DOI: 10.7717/peerj.12550/fig-7

Figure 8 Barbosa

 8 Figure 8 Relationships between intertidal height and population variables: (A) biomass, (B) density, (C) median length, (D) maximum length, and (E) crowding index. (F) Relationship of the crowding index with the median length and density of individuals. Dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou; one for each sample (continued on next page. . . ) Full-size DOI: 10.7717/peerj.12550/fig-8

Figure 9

 9 Figure 9 Simulated reproductive output of the mussels in the West and East shores of Le Petit Minou. Data are shown relative to the population size structure (bars) and cumulated (curve), for the reproductively mature individuals (i.e., length > 12 mm). Full-size DOI: 10.7717/peerj.12550/fig-9

Figure 1 .

 1 Figure 1. Principle of the Time-SIFT method : use of a single block which joins multi-epoch images in the first step of the SfM processing. The whole dataset shares the same unique geometry thanks to a single multi-epoch block alignment. Each epoch is then separated while retaining orientation parameters so that subsequent dense 3-D point clouds and DEMs maintain the same geometric reference.

  below.

Figure 2 .

 2 Figure 2. Principle of 'classical' methods. Each epoch has its own geometric reference and co-registration relies on external data, either on GCPs during alignment either with coregistration of the obtained DEM on external lidar DEMs or even external vector data

Figure 3 .

 3 Figure 3. Main characteristics of the case studies : A) locations and B) scales

Figure 4 .

 4 Figure 4. Zoomed-in views of the 4 DEMs and orthophotos (right) with profiles extracted over the highway construction zone (bottom). The highway construction is visible on the right part of the profile.

Figure 5 .

 5 Figure 5. Comparison of ice thickness change for all glaciers on Mount Rainier between 1970 and 2007/08 as measured by, A) previous study of Sisson et al. (2011) which differenced DEMs digitized from topographic maps derived from 1970 aerial images with airborne lidar collected in 2007 and 2008, and B) Time-SIFT-derived DEM from 1970 aerial images and the same airborne lidar. Patterns of thickness change are generally consistent between methods, particularly for the lower lobes of the glaciers. Discrepancies between methods are most prominent at middle to upper elevations, where the magnitudes of change are smaller. Note the missing regions on (B) near the summer where the 1970 epoch of our Time-SIFT analysis did not resolve topography, likely due to high reflectivity and limited textural difference of the snow-covered surfaces.

Figure 6 .

 6 Figure 6. Analysis of Time-SIFT derived DEMs of the Emmons Glacier on Mount Rainier. (A) Slope-maps of the lower Emmons Glacier for each Time-SIFT epoch and the 2007/08 lidar data. (B) Orthoimages of the lower Emmons Glacier for each epoch. (C) DoDs measuring elevation changes that occurred in the time intervals between each Time-SIFT epoch and the lidar data. (D) Topographic profiles of the Emmons Glacier surface for each epoch (left axis) and the corresponding elevation difference between epochs (right axis). Triangles along the x-axis denote the glacier terminus positions and are color-coded for the respective epoch. The DoDs illustrate significant glacial advance and thickening below 1900 m elevation from 1955 to 1983. From 1984 to 2007/08, the terminus experienced only minor retreat, but saw significant thinning along much of its length, especially below 2000 m.

Figure 7 .

 7 Figure 7. Monitoring of a single tree crown development. Plan views of a DEM (bottom left) with zoomed views at 3 dates (top) and extracted profiles (bottom right). Tree development within this time period mainly consists of foliage growth.

Figure 8 .

 8 Figure 8. Profiles of the five excavations and close-up on a single sampling site. Excavations were done in the vertical wall of the soil pit. At this scale, no difference between the two profiles can be detected on the stable zones.

Figure 9 .

 9 Figure 9. Multi-temporal DEMs and orthophotos showing evolution of the mussel beds distribution (left) and geomorphologic changes (right and bottom). Red circles on the orthoimages indicated the disparition of mussels in the selected area.

  

  

  

  

  

  

  

  

  

  

  

  

  Survival probability cumulative distribution of predictions with different temperature threshold in the West and East shore. B) The mean relative difference of survival probability (considering only the area where survival < 0.99) in relation to the temperature threshold in the West and East shore. The regression had a R 2 = 0.94; significant difference between West and East and no significant shore:threshold interaction. .............................. 1985 . D). ................................................................................................................ 218

	Figure S6.1 Sampled microsite replicates number (A) and the corresponding thermal stress
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Table 1 .1

 1 Statistical analyses evaluating the shore, date and intertidal height above LAT effect on variables at individual and population scales. The statistical analysis used is specified in the ""Analysis method"" column.

		Independent variables		Interactions		Analysis method
		Shore	Date	Intertidal height	Date*Shore	Intertidal height*Shore	
	Biomass	n.s.	n.s.	n.s.	n.s.	*	LM
	log 10 (Density)	3.66e-08*	n.s.	0.0083*	n.s.	n.s.	LM
	Max. Length	0.03888*	n.s.	0.0081*	n.s.	n.s.	LM
	Median Length	0.0001*		<0.0001*		n.s	LMM; random
	(excluding recruits)						factor: Date
	Condition Index	1.013e-06*	<2.2e-16*	n.s.	0.01575*	n.s.	GLM (family=
							gamma, link= log)
	Crowding Index	n.s.	n.s.	n.s.	n.s.	n.s.	LM

Crowding Index Shore Adult density Median Length Crowding index

  

		n.s.		<0.0001*	<0.0001*		LMM; random
							factor: Date
	Recruitment						
		Shore	Date	Adult density	Date*Shore	Adult density*Shore	Intertidal height
	Recruit density	n.s.	0.0007 *	0.0001*	n.s.	n.s.	n.s.

Table 1 .2 and

 1 TableS1.3) and dots represent the data from West (dark grey) and East (light grey) shores at Le Petit Minou. Significant difference between shores is indicated: *rocky shore.

Table 1 .2

 1 Statistical significance of the effects of shore and intertidal height above LAT on mortality rate (Z). Results according to a linear mixed model (LMM) with date as random factor.

Mortality rate (LMM) Shore Intertidal height Intertidal height *Shore Log 10 (Mortality rate, Z)

  

	0.0103*	<0.0001***	n.s.

Table S1 . 1

 S11 Statistical analysis results with the response variables and significance of the tested independent variables (population parameters and individual traits). Table complementing the information in Table 2 (results section).

	n = 72					
	Intertidal height	1			1.1942	0.27487
	Shore	Df 1		Mean sq	F 24.3377	Value Pr(>F) 1.013e-06 ***
	Date	11			15.6995	<2.2e-16 ***
	BIOMASS Intertidal height*Shore	1			1.8838	0.17034
	Intertidal height Date*Shore	1 11		2.428	0.2230 2.1452	0.63898 0.01575 *
	Shore n = 720	1		1.541	0.1416	0.70843
	Date CROWDING INDEX	11		6.909	0.6347	0.78967
	Intertidal height*Shore Intertidal height	1		50.898 0.0055	4.6762 0.1267	0.03582 * 0.7235
	Date*Shore Shore	11		10.216 0.0999	0.9386 2.2907	0.51329 0.1370
	n = 72 Date			0.0382	0.8767	0.5686
	Log10 (DENSITY) Intertidal height*Shore			0.1639	3.7552	0.0588
	Intertidal height Date*Shore	1	0.12	0.09658 0.0486	7.9245 1.1147	0.0083 ** 0.3720
	Shore n = 72	1	0.086 0.55249	45.3340	3.656e-08 ***
	Date RECRUIT DENSITY	11		0.01574	1.2914	0.2891
	Intertidal height*Shore Adult Density (ind. m -2 )	1 1	-0.05	0.00003 436355	0.0022 16.3133	0.9636 0.0002017 ***
	Date*Shore Shore	11 1		0.01008 1584	0.7946 0.0592	0.6443 0.8088363
	Residuals Date	46 11		0.01268 131309	4.9090	5.478e-05 ***
	n = 72 Adult Density*Shore	1		6911	0.2584	0.6136704
	MEDIAN LENGTH (LMM, random factor: Date)		
	Intertidal height Date*Shore	57 2.10 11	13857	24.7736 0.5180	<0.0001*** 0.8811617
	Shore n = 72	57 14.08		17.1512	0.0001***
	CROWDING INDEX (LMM, random factor: Date)		
	Intertidal height*Shore Adult Density	57 -2.47 57		1.6455 41.014	0.2048 <.0001*
	Observations n = 72 Groups n = 12 Median length	57			29.670	<.0001*
	MAX. LENGTH (LM) Shore	57			2.2983	0.1455
	Intertidal height Observations n = 72	1		103.429	7.6602	0.008107 **
	Shore Groups n = 12	1		61.044	4.5211	0.038878 *
	Date	11		9.856	0.7299	0.704363
	Intertidal height*Shore	1		3.873	0.2869	0.594820
	Date*Shore	11		11.235	0.8321	0.609509
	Residuals	46		621.1	13.502	

CONDITION INDEX (GLM, family "gamma", link "log")

Table S1 . 2

 S12 Post-hoc pairwise comparison of mean Condition Index (CI) between shore East and West and between dates (based on the leas square mean of log(CI)). Means sharing a letter are not significantly different based on the Tukey-adjusted comparisons.

Table 2 . 1

 21 Habitat types and their main features.

	Topographic	Main features
	microhabitat	
	1	Variable orientation; lowest general curvature; highest slope and TRI10;
		high roughness, TRI100 and TRI10
	2	West -Northwest orientation; plan surfaces (low slope, TPI, TRI and
		roughness); high planar curvature
	3	Southwest orientation; plan surfaces (lowest slope, roughness, TRI10cm
		and TRI1m)
	4	Variable orientation; median slope; highest roughness, TRI100cm and
		TRI100
	5	Variable orientation; lower slope and profile curvature (convexe)
	6	Variable orientation; high slope; high roughness, TRI10cm and TRI1m;
		lowest TPI100
	7	East -Southeast orientation; very low slope and relatively high planar
		curvature
	8	South -Southeast orientation; high slope; higher roughness, TRI10cm
		and TRI100

Table 3 . 1

 31 Input variables for runauto function with their specific source and applied analysis.

	Input	Units	Source	Original
	variable			spatial/temporal

resolution Particular treatment or R function for obtaining the input variable

  

	Input	Units	Source				Original
	variable						spatial/temporal
	Air	°C	MeteoFrance (Brest Guipavas) Hourly data
	temperature						
	Wind speed	m s -1	MeteoFrance (Plougonvelin)	Hourly data	-
	Wind	degrees	MeteoFrance (Brest Guipavas) Hourly data	-
	direction	from N					
	Surface	Pa	MeteoFrance (Brest Guipavas) Hourly data	-
	pressure						
	Precipitation	mm	MeteoFrance (Brest Guipavas) Hourly data	-
	Specific	kg / kg	MeteoFrance (Brest Guipavas) Hourly data	Derived from relative humidity (%) and atmospheric pressure
	humidity						
	Emissivity of	0 -1,	NOAA-NCEP			2.5° × 2.5°	hourlyNCEP function ; Downward longwave radiation flux / Upward
	the							longwave radiation flux
	atmosphere						
	Downward	W m -2	NOAA-NCEP			2.5° x 2.5°	hourlyNCEP function
	longwave						
	radiation flux	MJ m -2 hr -					
		1					
	Upward	W m -2	NOAA-NCEP			2.5° x 2.5°	hourlyNCEP function
	longwave	MJ m -2 hr -					
	radiation flux	1					
	Cloud cover	%	Analysis	based	on	solar		"run the microclimate model using the micro_global function with the
			irradiance	obtained	from		option clear sky set to 1 to obtain 365 days of clear sky solar radiation
			MeteoFrance				which we then use in comparison to the observed solar radiation to infer
								cloud cover during day; and fill with linear interpolation during the
								night".
								Source:	https://mrke.github.io/NicheMapR/inst/doc/microclimate-
								hourly-input-example

resolution Particular treatment or R function for obtaining the input variable

  

	Net longwave	MJ m -2 hr -	NOAA-NCEP	2.5° x 2.5°	hourlyNCEP function
	radiation	1				
	Direct		MJ m -2 hr -	NOAA-NCEP	2.5° x 2.5°	hourlyNCEP function
	radiation	1				
	normal to the					
	solar beam					
	Diffuse		MJ m -2 hr -	NOAA-NCEP	2.5° x 2.5°	hourlyNCEP function
	radiation	1				
	Zenith angle	degrees	NOAA-NCEP	2.5° x 2.5°	hourlyNCEP function
			(°)				
	DEM		M	Amazon Web Services	30 x 30 m	get_dem function
	mesoscale		(AWS)			
	DEM		M	This study	0.2 x 0.2 m	Derived from drone images (see section 2.1)
	microscale					
	Landunvez					
	DEM		M	co-produced by IGN and	100 x 100 m	Available	on	https://diffusion.shom.fr/pro/risques/altimetrie-
	microscale		SHOM		littorale/litto3dr-finistere-2014.html.
	Le	Petit					
	Minou						

Table 3 .3

 3 Mean error (ME; error = prediction -average observations; mean±SD) and root mean square error (RMSE; mean±SD) of predicted hourly temperatures from January 2015 to October 2015 from different microsite types, considering all hours and only the emersion periods. Positive and negative values of ME indicate overestimation and underestimation of observed temperatures, respectively. The number of replicates used for the calculated mean and SD is indicated in Table3.1.

			Immersion and emersion period	Only emersion period
	Microsite type	ME (°C)	RMSE	ME (°C)	RMSE
			(mean±SD)	(mean±SD)	(mean±SD)	(mean±SD)
	Low	Cold	-0.26±0.04	1.91±0.35	-0.42±0.18	3.99±0.26
	intertidal	Hot	-0.39±0.02	1.99±0.11	-0.83±0.27	4.37±0.26
	Mid	Cold	-0.15±0.07	2.5±0.21	-0.04±0.12	3.30±0.16
	intertidal	Hot	-0.80±0.09	3.43±0.15	-0.79±0.19	3.98±0.27
	Top	Cold	-0.02±0.07	2.71±0.06	-0.02±0.08	2.72±0.06
	intertidal	Hot	-0.91±0.47	4.05±0.23	-0.91±0.47	4.04±0.27

Table 3 . 4

 34 Comparison results of mean error (ME; error = prediction -average observations; mean±SD) and root mean square error (RMSE; mean±SD) of daily mean, maximum, minimum and SD temperatures from different microsite types. The number of replicates used for the calculated mean and SD is indicated in Table3.1.

	Microsite type	Daily mean	Daily maximum	Daily minimum	SD
			ME (°C)	RMSE	ME (°C)	RMSE	ME (°C)	RMSE	ME (°C)	RMSE
			(mean±	(mean±	(mean±	(mean±	(mean±	(mean±	(mean±	(mean±
			SD)	SD)	SD)	SD)	SD)	SD)	SD)	SD)
	Low	Cold -0.26±	0.75±	0.98±	2.53±	-1.90±	2.98±	0.78±	1.13±
	intertidal		0.04	0.23	0.71	0.67	0.65	0.58	0. 45	0.39
		Hot	-0.39±	0.71±	-1.52	3.73±	-1.17±	2.30±	-1.62±	0.92±
			0.02	0.02	±0.53	0.19	0.26	0.23	0.17	0.04
	Mid	Cold -0.15±	1.12±	1.25	2.46±	-1.92±	2.74±	1.05±	1.31±
	intertidal		0.07	0.27	±0.24	0.19	0.34	0.29	0.20	0.19
		Hot	-0.79±	1.49±	-1.58±	5.18 ±	-2.43±	3.18±	0.25±	1.51±
			0.09	0.07	1.15	0.34	0.41	0.36	0.31	0.10
	Top	Cold -0.01±	1.65±	1.68±	3.11±	-1.88±	2.62±	1.18±	1.58±
	intertidal		0.08	0.03	0.23	0.23	0.16	0.12	0.08	0.07
		Hot	-0.90±	2.27±	-1.17±	4.99±	-1.46±	2.38±	-0.40±	1.66±
			0.47	0.23	2.12	1.28	0.42	0.30	0.54	0.25

  It can be applied with the free and open source softwares R and QGIS, and the use of microclimate runauto function allows the access to meteorological data from NOAA-NCEP (micro_ncep function from NicheMapR package; (Kearney et al. 2020b) in the absence of meteorological data from local sources.Hence, intertidal microclimate could be applied everywhere allowing comparison of sites from diverse regions. Besides, gridded meteorological data from global databases such as Climate Forecasting System Reanalysis (CFSR) could also be adequate for applying the intertidal microclimate approach, since these gridded meteorological data was shown to be reliable for local scale predictions(Mislan & Wethey 2011[START_REF] Monsinjon | Weather and topography regulate the benefit of a conditionally helpful parasite[END_REF]).

Table 4 . 1

 41 Overall accuracy and Kappa index indicating the performance of the supervised classification results performed for each shore and date.

	Rocky shore	Dataset	Overall accuracy (%) Kappa index
	West	June 2019	0.98	0.93
		June 2020	0.93	0.79
	East	June 2019	0.93	0.80
		June 2020	0.94	0.82

Table 4 . 2 ,

 42 Figure 4.2). The gained area was thus smaller than the lost area, with a net decrease of covered area of 32% and 41% in the West and East shore, respectively (Table4.2, Figure4.2).

Table 4 . 2

 42 Summary of the dynamic of distribution in the West and East shore in Le Petit Minou. Percentages are calculated with respect to the total initial area of the corresponding shore (2019; 100%).

	Shore Initial area,	Final area,	Net	area	Gain	Loss	Persistence
		2019 (m 2 )	2020 (m 2 )	difference m 2	surface m 2	surface m 2	surface
				(%)		(%)	(%)	m 2 (%)
	East	281.02	165.56	-115.46 (41.08%) 39.19	154.65	126.37
						(13.95%)	(55.03%)	(44.97%)
	West	58.75	39.90	-18.85 (32.08%)	28.19	47.04	11.71
						(47.99%)	(80.07%)	(19.93%)

Table S5 . 1

 S51 Equation and parameters for calculating the temperature of a mussel inside a mussel bed of homogeneous size individuals.

	kb		Thermal conductivity of mussel tissue			0.60	W m -2 K -1
	l		latent heat of vaporization of water			2480	kJ kg -1
	Parameter Description T bed body temperature of mussels living in a homogeneous bed (i.e. all animals are area subject to convection A conv A4	Value/equation = 1.38 L 2.01 = (A conv /Ap)	Units Kelvin, K
	u*		similarly sized) shear velocity; = 0.03U (z) where is the			= 0.03U (z)	
	=	[	[ wind velocity measured at height z (Helmuth 1999)	)	)	]	]
	T air(z)		air temperature measured at height z				K
			above the bed				
	T ground		ground temperature, here assumed to				K
	mb		equal T air(z) flux of water from 1m 2 of bed				Kg s -1
	c		specific heat capacity of water			4180	J (Kg K) -1
	S dir		direct shortwave solar radiation				
	s		Stephan Boltzman constant			5.67 10 -8	W m -2 K -4
	L		mussel length				m
	Ap		projected area (subject to direct solar radiation) of a single mussel based on the	= 0.0084 L + 0.0895 L 2	
			empirically determined formula				
	A rad.sky		area subject to infrared radiation (long			= 0.69 L 2.01	
			wavelength radiation) to the sky				
	A rad.ground area subject to infrared radiation (long			= 0.69 L 2.01	
			wavelength radiation) to the ground				
	A conv		area subject to convection			= 1.38 L 2.01	
	A1					= (A rad,sky /Ap)	
	A2					= (A rad,ground /Ap)	
	A3		ratio of area subject to conduction to the			= (A rad,cond /Ap)	
			ground to projected area, here assumed to				
			be 0.10				
	𝛂=a		short wave solar absorptivity			0.90	
	e org		long-wave (infrared) emissivity of			0.90	
			organism				
	e sky, clear		= 0.72 + 0.005* T a(z)	
	C sky		cloud cover, determined by the input				
			meteorologic dataset				
	e sky		emissivity of sky; which takes values	= e sky, clear + C sky (1 -	
			from 0.75 (on perfectly clear skies on cold		e sky, clear -8/ T air(z) ),	
			nights) to near unity (on very cloudy,				
			warm days; Campbell 1977)				

Table S5 . 2

 S52 Summary of information about Mytilus galloprovincialis thermal tolerance limits and evidence of temperature at which it displays thermal stress response, e.g., heat shock protein production.

	Mortality / response to thermal stress
	Upper thermal tolerance limit	
		26°C (Feidantsis et al. 2020)
	Cold stress tolerance limit	With lowering temperature from 13°C to 7°C (Field et
		al. 2012)
	Increases in abundances of	Above 24° C (Anestis et al. 2007)
	several molecular products	
	Oxidative stress, ROS production 24°C after 12 days of exposure -water conditions-
		(Feidantsis et al. 2020)
	Heat shock proteins	25°C (Hofmann and Somero 1996) (HSP70)
		28°C non-significative, but sig at 32°C (Tomanek 2012)
		Tomanek and Zuzow (2010) (sHSP)
	*sHSP: Small heat shock proteins	

Table S5 .3

 S5 Results of linear regression analyses testing: a) the relationship between the proportion of total area where survival probability was ~1 and the temperature threshold depending on the shore (West or East) (represented in Figure5.10A), and b) the relationship between the mean relative difference of predicted survival probability and the temperature threshold in the West and East shore. The relative difference was determined in relation to the specific threshold for M. galloprovincialis (29°C).

	Coefficients:	Estimate	Std. Error	t value	Pr(>|t|)
	Percentage of area with survival prob. > 0.99		
	(Intercept)	-1.19	0.064	-8.41	1.88 x10 -08 ***
	threshold	0.05	0.002	21.23	5.37 x10 -09 ***
	shore [West]	0.03	0.008	3.34	0.0087**
	Model				
	F	230.8			
	p-value	1.85 x10 -08			
	R 2 /R 2 adj	0.98/0.98			
	Mean difference in survival probability			
	(Intercept)	7.18	0.52	13.89	2.20 x10 -07 ***
	threshold	-0.25	0.02	-13.30	3.19 x10 -07 ***
	shore [West]	0.19	0.06	2.90	0.0177*
	Model				
	F	92.66			
	p-value	9.91 x10 -07			

Table S6 .

 S6 1 DEB model parameters and values for Mytilus galloprovincialis.

	Parameter description	Unit	value
	Main parameters		
	Shape coefficient	-	0.225
	Maximum surface specific ingestion rate	J cm -2 d -1	200
	Volume specific maintenance cost	J cm -3 d -1	40*
	Maturity maintenance rate	d -1	0.002
	Volume specific cost for structural growth	J cm -3	5993
	Maximum reserve density	J cm -3	2190
	Allocation fraction to growth and maintenance	-	0.70
	Assimilation efficiency	-	0.75
	Reproduction efficiency	-	0.95
	FOOD half saturation coefficient (X is the mean		a = 0.5
	food conditions in each hour, see Methods	μgChl-a L -1	
	PIM half saturation coefficient	mg L -1	30
	Additional and compound parameters		
	Chemical potential of reserve	J mol -1	697000
	Specific weight of reserve	g mol -1	25.2
	Dry mass ratio of structure	gdw gww -1	0.15
	Energy conductance	cm d -1	0.06
	Maturity at puberty	J	158
	Energy content of one egg	J	7.2E -4
	Gonado-somatic index threshold for spawning	%	0.28
	Temperature effect		
	Arrhenius temperature	K	5500
	Reference temperature	K	293
	Lower boundary tolerance range	K	278
	Upper boundary tolerance range	K	300
	Arrhenius temp. for lower boundary	K	75000
	Arrhenius temp. for upper boundary	K	55000
	Lower spawning threshold	°C	10
	Upper spawning threshold	°C	

Table S6 .

 S6 2 DEB model equations. Summary of Kruskal-Wallis and Dunn"s post hoc test of fitness differences between cohort simulations in microsites with different cardinal orientations (N= north; E= east; S= south; W= west) at different intertidal heights. Adjusted p-values with Bonferroni method.

	Table S6.3 Intertidal height : 5.3 -5.5 m above the LAT	
	group1 group2 n1 n2	statisti c	p	p.adj	p.adj.signif
	fitness N	E	280 280 -7.82	5.29 x10 -15 3.17 x10 -14 ****
	fitness N	S	280 280 -7.72	1.18 x10 -14 5.91 x10 -14 ****
	fitness N	W	280 280 -1.33	1.84 x10 -1 3.68 x10 -1 ns
	fitness E	S	280 280 0.102	9.19 x10 -1 9.19 x10 -1 ns
	fitness E	W	280 280 6.49	8.48 x10 -11 3.39 x10 -10 ****
	fitness S	W	280 280 6.39	1.66 x10 -10 4.98 x10 -10 ****
	Intertidal height : 4.7 -4.9 m above the LAT	
	group1 group2 n1 n2	statisti c	p	p.adj	p.adj.signif
	fitness N	E	280 280 -7.29	3.07 x10 -13 1.84 x10 -12 ****
	fitness N	S	280 280 -9.06	1.26 x10 -19 7.58 x10 -19 ****
	fitness N	W	280 280 -2.35	1.89 x10 -2 1.13 x10 -01 ns
	fitness E	S	280 280 -1.77	7.64 x10 -2 4.58 x10 -01 ns
	fitness E	W	280 280 4.94	7.68 x10 -7 4.61 x10 -06 ****
	fitness S	W	280 280 6.72	1.87 x10 -11 1.12 x10 -10 ****

Intertidal height : 4.1 -4.3 m above the LAT

  

	fitness N	E	280 280 -4.23	2.37 x10-5	1.42 x10 -4 ***
	fitness N	S	280 280 -9.56	1.23 x10-21	7.40 x10 -21 ****
	fitness N	W	280 280 -1.01	3.14 x10-1	1 x10 + 0	ns
	fitness E	S	280 280 -5.33	9.92 x10-8	5.95 x10 -7 ****
	fitness E	W	280 280 3.22	1.28 x10-3	7.68 x10 -3 **
	fitness S	W	280 280 8.55	1.25 x10-17	7.49 x10 -17 ****
	Intertidal height : 2.9 -3.1 m above the LAT		
	group1 group2 n1 n2	statisti c	p	p.adj	p.adj.signif
	fitness N	E	279 279 -2.98	2.84 x10 -03 1.70x10 -02 *
	fitness N	S	279 279 -10.1	3.43 x10 -24 2.06 x10 -23 ****
	fitness N	W	279 280 -2.83	4.69 x10 -03 2.81 x10 -02 *
	fitness E	S	279 279 -7.16	7.95 x10 -13 4.77 x10 -12 ****
	fitness E	W	279 280 0.159	8.73 x10 -01 1.00 x10 +00 ns
	fitness S	W	279 280 7.33	2.34 x10 -13 1.40 x10 -12 ****
	group1 group2 n1 n2	statisti c	p	p.adj	p.adj.signif
	fitness N	E	280 280 -7.39	1.50 x10 -13 8.98 x10 -13 ****
	fitness N	S	280 280 -8.41	3.94 x10 -17 2.36 x10 -16 ****
	fitness N	W	280 280 -1.68	9.36 x10 -2 5.61 x10 -1 ns
	fitness E	S	280 280 -1.03	3.04 x10 -1 1 x10 + 0	ns
	fitness E	W	280 280 5.71	1.13 x10 -8 6.75 x10 -8 ****
	fitness S	W	280 280 6.74	1.61 x10 -11 9.64 x10 -11 ****
	Intertidal height : 3.5 -3.7 m above the LAT		
	group1 group2 n1 n2	statisti c	p	p.adj	p.adj.signif

  and biological organization scales and offers valuable prospects for evaluating the mechanisms taken into account in Thomas" model as well as for determining future directions. Specifically, this dataset includes quantitative population parameters (density, biomass, crowding, population size distribution -mean, median, minimum and maximum size-, life span, mortality rate, recruitment rate and phenology, spawning phenology) and individual traits (growth rate, spawning phenology, size and condition index maximum). It can be used to calibrate and/or to be compared with Thomas" model predictions. This would test the accuracy of diverse processes integrated in the model since these data include observations at different levels of biological organizations (individual, mussel"s aggregation and population levels) thanks to the multi-scale observations strategy applied. It is worth

	mentioning that the entire dataset of observations was published in an open-access database
	to improve data sharing (Barbosa et al. 2021a; https://www.seanoe.org/data/00691/80337/).
	Besides, the consistency between DEB predictions and field observations of individuals size-
	at-age performed in chapter 6 constitutes an important validation of the DEB model for M.
	galloprovincialis, which is the same used in Thomas" model. This highlights the potential of
	the DEB model for simulations under variable environmental contexts.

  Several limitations described in Chapter 4 suggested the use of other approaches such as multi-or hyper-spectral cameras. Limitations of RGB images analyses associated with shadows effect in masking mussels identification were seasonally dependent and may be more important in sites with highly complex topography. I recommend the use of RGB images for surveys in sites without mixture of algae among mussels aggregations during summer (with the sun almost vertical during mid day low tides, as in Le Petit Minou),

	whereas complementing with other types of images in sites with high abundance of algae to
	avoid	false	positives.
	Gleason LU, Miller LP, Winnikoff JR, Somero GN, Yancey PH, Bratz D, Dowd WW (2017)
	Thermal history and gape of individual Mytilus californianus correlate with oxidative
	damage and thermoprotective osmolytes. Journal of Experimental Biology 220:4292-
	4304.		
	Gomes I, Peteiro L, Bueno-Pardo J, Albuquerque R, Pérez-Jorge S, Oliveira ER, Alves FL,
	Queiroga H (2018) What"s a picture really worth? On the use of drone aerial imagery

Table 1 Statistical analyses evaluating the shore, date and intertidal height above LAT effect on variables at individual and population scales.

 1 The statistical analysis used is specified in the ''Analysis method'' column.

			Independent variables	Interactions	Analysis
							method
		Shore	Date	Intertidal	Date*Shore	Intertidal	
				height		height*Shore	
	Biomass	n.s.	n.s.	n.s.	n.s.	*	LM
	log 10 (Density)	3.66 × 10 -8*	n.s.	0.0083 *	n.s.	n.s.	LM
	Max. Length	0.03888 *	n.s.	0.0081 *	n.s.	n.s.	LM
	Median length	0.0001 *		<0.0001 *		n.s	LMM;
	(excluding recruits)						random factor:
							Date
	Condition index	1.013 × 10 -6*	<2.2 × 10 -6*	n.s.	0.01575 *	n.s.	GLM
							(family = gamma,
							link = log)
	Crowding index	n.s.	n.s.	n.s.	n.s.	n.s.	LM
	Crowding index						
		Shore		Adult density	Median length		
	Crowding index	n.s.		<0.0001 *	<0.0001 *		LMM;
							random factor:
							Date
	Recruitment						
		Shore	Date	Adult density	Date*Shore	Adult density*Shore	Intertidal height
	Recruit density	n.s.	0.0007 *	0.0001 *	n.s.	n.s.	n.s.

Notes.

*Significance and n.s. indicates non significance. n.s., non significance.

Table 2 Statistical significance of the effects of shore and intertidal height above LAT on mortality rate

 2 

	Mortality rate(LMM)			
		Shore	Intertidal height	Intertidal height *Shore
	Log 10 (Mortality rate, Z)	0.0103 *	<0.0001 ***	n.s.

(Z). Results according to a linear mixed model (LMM) with date as random factor.

Notes.

*Significance and n.s. indicates non significance. n.s., non significance.

Table 1 :

 1 Parameters of scanned aerial images used in La Peyne case study

	Epoch	Images	Focal	Approximate	Scan resolution	Ground
	(date)	(#)	length	scale	(µm)	sampling
			(mm)			distance (cm)
	1971/06/21	61	152	1:18000	21	37
	1981/06/16	27	153	1:32000	21	66
	1990/06/25	31	153	1:32000	21	69
	2001/06/04	44	153	1:2600	21	55
	Application of Time-SIFT method :			

Table 2 :

 2 Time-SIFT parameters in La Peyne case study.

	Processing step	Property	Value
	Alignment	Accuracy	Highest
		Pair preselection	Disabled
		Key point limit	100,000
		Tie point limit	50,000
		Adaptive camera model fitting No
	Camera calibration	Camera groups	Split by epoch
	Optimization	Lens parameters	f, b1, b2, cex, cy,
			k1, k2, k3, k4, p1, p2
		Marker accuracy (pix)	5
		Marker accuracy (m)	20
		Tie point accuracy (pix)	1
	Dense cloud	Quality	High
		Depth filtering	Moderate
	Mesh	Surface type	Arbitrary
		Interpolation	Enabled
		Quality	Medium
		Depth filtering	Moderate
	DEM	Pixel size (m)	1
		Interpolation	Enabled

Table 3 :

 3 Time-SIFT DEMs for La Peyne

	Epoch	Dense Cloud	Dense Cloud	DEM	RMS reprojection
		(points)	(pts/m 2 )	(m/pixel)	error (pixel)
	1971	4.26 x 10 8	2.08	0.69	0.82
	1981	2.20 x 10 8	0.61	1.28	0.59
	1990	2.30 x 10 8	0.57	1.33	0.63
	2001	2.01 x 10 8	0.87	1.07	0.68

Table 4 :

 4 Another test follows the observed and expected trends of glacial advance and retreat, with 1955 and 1970 occurring in the middle of a cool PDO phase, and 1983 and 1984 following the transition from a cool to warm PDO phase. Accordingly, glacial volume increase from 1955 to 1970 followed by volume loss from 1970 to 1983/84 and 2007/08 would be consistent with observations. Another test of reproducibility is the 1 year interval between the 1983 and 1984 aerial image collections. If the Time-SIFT methods are producing properly scale and referenced models, the elevation differences between 1983 and 1984 should be proportionally small relative to the longer time intervals. Parameters of scanned aerial images used in Mount Rainier case study Both sets of 1955 images were collected 16 days apart by the same camera and are processed in this study as a single epoch # Both sets of 1970 images were collected 17 days apart by the same camera and are processed in this study as a single epoch Application of Time-SIFT method :

	Epoch	Images	Focal	Approximate	Scan resolution	Ground sampling
	(date)	(#)	length (mm)	scale	(µm)	distance (cm)
	1955/09/02*	16	153.69	1:66000	25	158
	1955/09/18*	10	153.69	1:66000	25	158
	1970/09/09 #	12	152.45	1:38000	25	150
	1970/09/26 #	31	152.45	1:38000	25	150
	1983/08/21	18	208.401	1:58000	25	142
	1984/08/25	23	208.047	1:58000	25	154

*

Table 5 :

 5 Time-SIFT parameters in Mount Rainier case study

	Processing step	Property	Value
	Alignment	Accuracy	Medium
		Pair preselection	Yes
		Key point limit	100,000
		Tie point limit	50,000
		Adaptive camera model fitting	Yes
	Camera calibration	Camera groups	Split by epoch
	Optimization	Lens parameters	f, b1, b2, cx, cy, k1-k3, p1, p2
		Marker accuracy (pix)	5
		Marker accuracy (m)	4
		Tie point accuracy (pix)	2
	Dense cloud	Quality	High
		Depth filtering	Moderate
	DEM	Pixel size (m)	4
		Interpolation	Disabled

Table 6 :

 6 Time-SIFT DEMs for Mount Rainier DEMs were built at the resolution recommended by Agisoft Photoscan Pro and later resampled to equal resolutions in ArcGIS

	Epoch	Dense Cloud	Dense Cloud	DEM (m/	RMS reprojection error
		(points)	(pts/m 2 )	pixel)*	(pixel)
	1955	1.26 x 10 8	0.1	4	1.08
	1970	2.18 x 10 8	0.279	4	1.10
	1983	1.26 x 10 8	0.124	4	1.05
	1984	1.37 x 10 8	0.105	4	1.04
	* Results :				

Table 9 :

 9 Time-SIFT results for Mornag's orchard

	Epoch	Dense Cloud	Dense Cloud (pts/	DEM (m/pixel) RMS reprojection
		(points)	m 2 )		error (pixel)
	2015/04/20	32.0 x 10 6	6 650	0.0120	0.53
	2015/05/05	95.6 x 10 6	23 700	0.0065	0.50
	2015/05/15	39.4 x 10 6	26 400	0.0065	0.43
	2015/05/26	77.9 x 10 6	22 300	0.0067	0.47
	2015/06/04	63.4 x 10 6	22 700	0.0064	0.51

Table 13 :

 13 Flight parameters for this case study (Benthic species in rocky-shore)

	Epoch	Images	Flying	Focal	Approximate	Ground
	(date)	(#)	height (m)	length(mm)	scale	Sampling
						Distance (cm)
	2019/02/26	90	29.3	8.8	1:3330	0.7
	2019/03/22	103	28.3	8.8	1:3215	0.7
	2019/05/06	156	24.5	8.8	1:2785	0.6
	2019/06/05	287	15.6	8.8	1:1775	0.4
	Application of Time-SIFT method :			

Table 14 :

 14 Time-SIFT parameters in the Rocky-shore case study

	Processing step	Property	Value
	Alignment	Accuracy	High
		Pair preselection	No
		Key point limit	40,000
		Tie point limit	4,000
		Adaptive camera model fitting Yes
	Camera calibration	Camera groups	Split by epoch
			20/28

Table 15 :

 15 Time-SIFT results for Rocky shore

	Epoch	Dense Cloud	Dense Cloud (pts/	DEM (m/pixel) RMS reprojection
		(points)	m 2 )		error (pixel)
	2019/02/26	32.0 x 10 6	6 650	0.012	0.53
	2019/03/22	95.6 x 10 6	23 700	0.0065	0.50
	2019/05/06	39.4 x 10 6	26 400	0.0065	0.43
	2019/06/05	77.9 x 10 6	22 300	0.0067	0.47

:

  Cette thèse vise à évaluer le rôle de la variabilité environnementale spatio-temporelle au sein d'un site rocheux sur la dynamique et la distribution d'une population intertidale. Des approches existantes et nouvelles ont été combinées pour aborder différentes échelles spatio-temporelles d'organisation d'une population de moules Mytilus galloprovincialis sur deux sites. Travail de terrain, modèles biophysiques et un nouveau modèle d'accumulation de stress thermique ont été combinés. Les résultats ont reproduit les conditions des microhabitats et la température des moules, ainsi que leur probabilité de survie au stress thermique (20 cm de résolution et fréquence horaire). La population a montré un faible taux d'occupation avec une distribution unimodale le long de la hauteur intertidale et une forte perte d'occupation pendant l'année étudiée. L'orientation du microhabitat, la pente et la hauteur intertidale ont affecté les conditions microclimatiques et les résultats finaux de l'équilibre énergétique des individus, c'est-àdire les composantes de la capacité reproductive populationnelle (croissance, reproduction et survie). L'interaction entre ces attributs de microhabitat avec les conditions climatiques et d'alimentation sont responsables de la variabilité des traits d'histoire de vie individuelles. De plus, les conditions d'alimentation sont déterminantes des limites supérieures de la distribution des moules. Les individus sont limités aux hauteurs intertidales où la maintenance ne dépasse pas l'énergie acquise par la nourriture. Ces résultats démontrent le rôle de l'hétérogénéité de l'habitat à l'intérieur d'un site dans la dynamique et distribution des espèces intertidales.
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Figure S3.1 Hourly meteorological conditions during 2019 in the study area. Data measurements from MeteoFrance stations at Brest (in blue color), and Plougonvelin (in orange) used as input in runauto function.

Distribution dynamics along the intertidal height gradient

The mussels" distribution covered an intertidal range of about 2.5 m, between 3.32 and 5.80 m height above the LAT in both shores. The covered area varied along the intertidal height gradient with a unimodal distribution centered about 4.5 m above the LAT. The higher surface covered by mussels in the center of their distribution height range was not associated with a higher availability of area, but rather showed a preference to the intertidal height with unimodal distribution (Figure 4.3). That is, there was no evident limitation of surface availability, and a preference of distribution in the center of the distribution height range represented by a higher occupation rate (Figure 4.3). West shore presented a higher mussels occupation rate at intertidal height between 4.6 and 5 m, whereas in the East shore occupation rate increased downward, between 4.2 and 4.6 m height (Figure 4.3). From the initial covered area in June 2019, and despite of the unimodal occupation rate distribution along the intertidal height, the lost and gain areas presented a bimodal distribution along the intertidal height in the West shore, whereas the persistence areas were mainly associated with the top height distribution in this shore ( > 4.25 m above the LAT) (Figure 4.4). On the East shore, the dynamics of the distribution showed a unimodal distribution of persistence, gain and loss areas (Figure 4.4), indicating a change in the distribution independent from the intertidal height. Assessing the sensitivity of survival probability predictions to the 5.7.1 temperature threshold parameter

Supplementary material

Supplementary material

Approach

To evaluate the potential effect of a different threshold of temperature in the survival model, we predicted the survival probability with thresholds from 25 to 30°C. Then, we tested potential changes in the proportion of total area with predicted survival probability ≥ 0.99, i.e., where no thermal stress effects were predicted, in relation to an increasing temperature threshold applying a linear regression. We included the "shore" factor in the regression analysis for testing potential differences in this relationship between West and East shore. The assumption of normal distribution of residuals and homogeneity of variance was tested with a Shapiro test and a Levene test, respectively.

The mean variation in predicted survival when varying temperature threshold was assessed. To do this, we calculated the mean difference between predicted survival probability with each specific threshold and the predictions based on the threshold of M.

galloprovincialis (29°C). In this comparison, only predictions of survival probability lower than 0.99 were considered. We also tested the decrease of the cumulative distribution of predicted survival at increasing temperature threshold. Each prediction with a specific threshold was compared against the prediction with the lower threshold value, i.e., 25°C.

Comparisons consisted in testing if the survival distribution was lower than the distribution based on the 25°C threshold by performing a nonparametric goodness-of-fit tests, the two sample Kolmogorov-Smirnov tests, using the ks.test function from dgof R package [START_REF] Arnold | Nonparametric Goodness-of-Fit Tests for Discrete Null Distributions[END_REF]. This function provides Monte Carlo simulated p-values (number of replicates=10000).

Results

Variation in the temperature threshold resulted in predicted survival temperatures with different spatial distribution, spatial variance, and minimum predicted value (Figure S5.6A-C). The proportion of area with maximum survival (~1) was significantly higher in the East than in the West shore and increased at increasing thresholds of temperature in both shores, with the same trend (no significant interaction; Figure S5.6D; Table S5.3). The mean difference between microsite survival predicted with specific threshold and the predicted survival with threshold of 29°C (as reference) decreased when increasing the threshold with a similar trend in both shores (Table S5. • Dynamic Energy Budget model coupled with spatially heterogeneous microsite mussels body temperature-history simulates population traits variability and predict the realized niche.

• Upper intertidal limit of mussels" distribution matches the breakpoint of energy balance due to immersion time.

• Short-term annual effect of heat shock thermal conditions associated with intertidal height is particularly important for survival and life-history traits variability rather than surface orientation.

• Immersion/emersion gradient drives the energy balance, and plays a major role in the individual and potential population fitness.

• Short-term annual effect of heat shock condition variability at similar intertidal height determines survival to thermal stress but not life-history traits variability.

• Growth and reproduction associated with immersion time contribute more to population fitness variability than the survival to heat shock conditions.

General discussion

Perspectives

ABSTRACT

Individual traits and population parameters can be used as proxies of processes taking place within a range of scales, thus improving the way we can evaluate species response to environmental variability. In intertidal rocky shores, patterns at the within-site scale, i.e., between centimeters to hundreds of meters, are important for understanding the population response into these highly variable environments.

Here, we studied a rocky-shore mussel population at the within-site spatial scale (1) to test how intertidal height and orientation of the shore affect individual traits and population parameters, (2) to infer the link between individual and population level features, and (3) to explore the upscaling mechanisms driving population structure and processes. We analyzed the patterns of six population parameters: density, biomass, crowding, median individual size, recruitment and mortality rate, and four individual traits: growth rate, spawning phenology, size and condition index. Crowding was defined as the degree of overlapping of individuals within a given area, for which we created a ''crowding index''. Mussels were studied along the intertidal height gradient in two rocky shores with contrasted orientation at one site over a full year. Our results showed a significant effect of intertidal height and shore orientation on most of individual traits and population parameters studied. In contrast, biomass contained in a full covered surface did not vary in space nor in time. This pattern likely results from relatively constant crowding and a trade-off between median individuals' size and density. We hypothesize that growth, mortality and recruitment rates may all play roles in the stability of the crowding structure of mussel aggregations. Variation in spawning phenology between the two shores in the study site was also observed, suggesting different temporal dynamics of microclimate conditions. Interestingly, despite the different population size distribution between the two shores, our estimates indicate similar potential reproductive output. We hypothesize that the structure of the patches would tend to maintain or carry a maximum of biomass due to trade-offs between density and size while maintaining and maximizing the reproductive output. The patterns of spatial variability of individual traits and population parameters in our study site suggest that heterogeneous within-site conditions influence variation in individual performance and population processes. These results provide insights about the relationship between individual traits and how these relationships make patterns at the population level emerge. They provide baseline information necessary to improve models of metapopulation with spatially explicit processes.

mortality and recruitment throughout the site, between shores and along the intertidal height gradient. The higher individual growth rate observed on the East shore could compensate for the higher loss of covered area or decrease of crowding due to mortality, forming mussel aggregations of larger individuals with a lower density, as observed.

Conversely, on the West shore, vacant space can be filled due to higher recruitment, despite lower growth rates forming highly dense aggregations of small individuals. A similar pattern emerged along the intertidal height gradient. The higher mortality observed at increasing intertidal height could be compensated by the higher recruitment, but not likely by the growth rate since individuals grow slower at high intertidal height due to lower proportion of time in immersion. The density-dependent recruitment process observed is fundamental for maintaining the crowding level, particularly under lower growth rate conditions. This is because, when growth is slow, several individuals will fill a determined gap caused by mortality of an individual much faster than a few individuals growing slowly. Density-dependent recruitment has already been observed in other studies (e.g., McGrorty, Goss-Custard & Clarke, 1993;[START_REF] Blanchette | Intertidal community structure and oceanographic patterns around Santa Cruz Island, CA, USA[END_REF]Dolmer & Stenalt, 2010).

For sessile species on rocky-shores, space is a limiting factor, and the dynamics of space availability are fundamental for understanding population and community dynamics. The crowding structure of the population in our study indicated a highly compacted positioning of individuals. The sum of the basal area of individuals was as much as 50% higher than the observed covered area (crowding of 1.5), which indicates that the general hypothesis that the sum of area occupied by the sum of individuals is equal to the covered area (crowding equal to 1) is not corroborated in wild populations. This assumption was considered for modeling the space occupation in monolayer mussel beds (e.g., Roughgarden, Iwasa & Baxter, 1985;Petraitis, 1995), and its violation could mean an overestimation of the occupied area and consequently the possible limitation of available space for expansion of a population. Furthermore, the aggregation structure is important for patch stability and population persistence (Dugatkin, Mesterton-Gibbonsand & Houston, 1992;Guichard et al., 2003;Liu et al., 2014;Guichard, 2017). For instance, in our study site, the aggregation structure may increase patch stability, as indicated by the longevity of some individuals, found to be around 11 years old, which may underpin the persistence of this population. Thus, representing the mechanisms underlying the spatial occupation and crowding structure of mussel aggregations in rocky environments could allow an exploration of the population response under changing conditions (e.g., Zardi et al., 2021).

Interestingly, despite the different population size distribution between the two shores, our estimates indicate similar potential reproductive output (eggs per square meter), suggesting a density-size trade-off. This is to say that high-density patches of small mussels may have a similar egg production as sparser patches of large mussels, under the assumption of similar individual reproductive output (but see Sukhotin & Flyachinskaya, 2009) and 1:1 sex ratio observed in the study site. Thus, we hypothesize that the structure of the patches would tend to maintain or carry a maximum of biomass due to trade-offs between density and size while maintaining and maximizing the reproductive output.
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Annex

Annex II: "Time-SIFT, a method for aligning images of different sources or epochs without ground control points: a new opportunity for the retrospective processing of stereoscopic imagery", in "Multitemporal Earth Observation Image Analysis" book (as a part of the project "SCIENCES", ISTE/Wiley; in press).

Time-SIFT, a method for aligning images of different sources or epochs without ground control points : a new opportunity for the retrospective processing of stereoscopic imagery Feurer, D., Bemis, S., Coulouma, G., Mabrouk, H., Massuel, S., Barbosa, R. V., Thomas, Y., For this test case, all image acquisition was performed with the same UAV and the same camera. As a result, all images could be directly imported in a single multi-temporal block.

Unfortunately, considering both the grass growth between the trees and the tree growth (mainly, leaf growing and increasing coverage) the first attempts resulted in missed orientations for some of the images or epochs within the multi-temporal block, depending on the tested parameters. Therefore, a trial-and-error approach was adopted until a functional set of values for the Photoscan parameters was found. It appears that increasing the number of desired tie points allowed for the success of the orientation of all images of the multitemporal block, which is depicted in Table 8. Once the alignment of the whole block was achieved, alignment quality was found to be quite good, with reprojection error of approximately 0.5 pixel (Table 9). These results were favoured by the fact that oblique imagery was acquired at each epoch, which ensures for a better estimation of image block geometry [START_REF] James | Guidelines on the use of structure-from-motion photogrammetry in geomorphic research[END_REF]. It is also worth noting that if point cloud density is lower (and DEM resolution coarser) for the first acquisition, done at a higher altitude, the RMS reprojection error stays within the same range that other epochs, which relates well with the multiscale robustness of the Time-SIFT method.

Soil bulk density

Objective :

In soil studies, especially for the monitoring of hydrological processes, soil bulk density is one of the major physical parameters. Among the existing methods, the core sampling method relies on the use of a metal cylinder with a known volume (most often 100 cm 3 ) that is hammered into the soil horizon whose bulk density is seeked for. The soil sample is dried and weighed in lab and the volumetric mass is directly computed. This method is most often utilized considering its efficacy. However, core sampling cannot be applied when the soil is too pebbly. In these cases, pedologists rely on the use of other methods which are based on the estimation of soil sample volumes. These methods share the same requirement: volume estimation must be done from the top of the soil horizon, which in turn requires the investigator to excavate the soil until the desired horizon. Hence new methods for estimating excavated volumes are investigated and amongst them a method based on photogrammetry. The protocol is quite simply a 3-D model of the investigated soil horizon before and after the excavation are estimated and the volume of the soil sample is simply the difference between the two models. In order to reduce the need of external data to the minimum, the Time-SIFT method was used to obtain a direct co-registration of the two 3-D models. Hence the required field material is limited to a camera and a target of known dimensions which is used to scale the 3-D models.

Case description :

A soil pit was dug the 2018/10/01 in the experimental fields of the French national research institute for agronomy (INRA) near Mauguio (43°36'30" N 3°58'56" E). The soil profile was described following the guidelines for soil description (FAO, 2006). The soil corresponds to a fluvisol (WRB, 2015). Five excavations were done in the vertical wall of the pit in the third horizon, mainly characterized by a sandy clay loam texture, medium subangular blocky structure, and a high discernible porosity.

The protocol was the following : four scales of known dimension were fixed around the investigated zone. A first acquisition of convergent images was done to cover the whole area. Secondly, the five excavations were done in order to obtain five soil samples. Finally a second acquisition of convergent images was done (see Table 10 for the acquisition parameters). The four targets of known dimension were only used to give the scale to the 3-D model. In order to have validation data, 3 replicates of core sampling were performed in each of the five excavation sites. For this case the Time-SIFT multi-temporal block contained only two epochs separated by 28 minutes. Targets were automatically detected and the scale was given to the 3-D model before splitting the block into two separate block for subsequent image dense correlation. The convergent acquisition allowed favoured the lens autocalibration. Processing parameters were kept to the default and are reported in Table 11. For the "soil bulk density" test case the Time-SIFT method succeed without any need for cumbersome parameter tuning nor trial and error approach. This is due to the fact that the images were acquired on purpose and a specific care was brought to the fact that each image would cover both stable and changing zones, together with an acquisition with a set of convergent images that strongly helps the SfM processing. This image acquisition strategy was necessary to be able to properly describe the 3-D shape of the excavated zone but also allowed for an accurate estimation of lens parameters. The success in lens auto calibration is supported by a reprojection error of 0.86 pixels (Table 12) and a RMSE on the scales (0.2mm) that is of the order of magnitude of the ground sampling distance. The profile view also shows a very good registration of the stable surfaces that correspond and which display a neglectible noise at this scale (Figure 8). In terms of thematic results, this method allowed for comparable estimations of soil bulk densities (mean bulk density of 1.53 with a standard deviation of 0.04, five samples) and the results obtained with the core sampling method (mean bulk density of 1.59 with a standard deviation of 0.03, 15 samples), according to a Tukey statistic test.