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Abstract: 100 

Ecologists working with stable isotopes have to deal with complex datasets including 101 

temporal and spatial replication, which makes the analysis and the representation of 102 

patterns of change challenging, especially at high resolution. Due to the lack of a 103 

commonly accepted conceptual framework in stable isotope ecology, the analysis and 104 

the graphical representation of stable isotope spatial and temporal dynamics of stable 105 

isotope value at the organism or community scale remains in the past often descriptive 106 

and qualitative, impeding the quantitative detection of relevant functional patterns. 107 

The recent Community Trajectory Analysis (CTA) framework provides more explicit 108 

perspectives for the analysis and the visualization of ecological trajectories. Building 109 

on CTA, we developed the Stable Isotope Trajectory Analysis (SITA) framework, to 110 

analyse the geometric properties of stable isotope trajectories on n-dimensional (n≥2) 111 

spaces of analysis defined analogously to the traditional multivariate spaces (Ω) used 112 

in community ecology. This approach provides new perspectives into the quantitative 113 

analysis of spatio-temporal trajectories in stable isotope spaces (Ωδ) and derived 114 

structural and functional dynamics (ΩƔ space). SITA allows the calculation of a set of 115 

trajectory metrics, based on either trajectory distances or directions, and new 116 

graphical representation solutions, both easily performable in a R environment. Here, 117 

we illustrated the use of our approach by reanalyzing previously published datasets 118 

from marine, terrestrial and freshwater ecosystems. We highlight the insights 119 

provided by this new analytic framework at the individual, population, community 120 

and ecosystems levels, and discuss applications, limitations and development 121 

potential. 122 

Key words: changes, composition, dynamics, food web, functioning, spatial,  123 

stable isotope, structure, temporal, trajectories. 124 
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I. Introduction 125 

Stable isotope analysis has emerged as one of the most popular approach to assess the 126 

trophic ecology of organisms (Fry, 2008), fluxes of matter and energy within and 127 

between ecosystems (Peterson and Fry, 1987), and animal movements (Bouillon et 128 

al., 2011; Rubenstein and Hobson, 2019). The quantitative analysis of stable isotope 129 

data is based on a large variety of available analytical tools ranging from qualitative 130 

inferences using isotopic niche (Newsome et al., 2007) to complex Bayesian mixing 131 

models that can be used to characterize food web structure and trophic pathways at 132 

multiple levels of biological organisation (Layman et al., 2012). Understanding and 133 

quantifying spatial and temporal changes is an overarching topic in stable isotope 134 

ecology but studies are, to date, largely qualitative and the development of 135 

quantitative approaches is needed.  136 

The quantitative analysis of stable isotope dynamics in response to ecological and 137 

environmental changes, notably those induced by human activities, has been explored 138 

through the comparative analysis of temporal trajectories in a two-dimensional 139 

(usually δ
13

C and δ
15

N) isotopic space (δ space). For instance, Schmidt et al. (2007) 140 

and Wantzen et al. (2002) quantified the direction and magnitude of temporal changes 141 

in food web structure based on the geometric properties of trajectories in the δ space. 142 

Schmidt et al. (2007) used specifically circular charts and statistics to represent and 143 

test direction shifts in the δ space. Turner et al. (2010) characterized attributes of path 144 

trajectories (size, direction and shape) over data sets containing more than two 145 

temporal samples to provide a quantitative description of how stable isotope 146 

compositions change in response to spatial and temporal gradients, and tested their 147 

differences. Despite the fact that these works have provided substantial new 148 

perspectives notably for statistical and hypothesis testing, some limitations remain for 149 
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the explicit quantitative description, analysis and representation of the magnitude and 150 

the nature of changes in stable isotope composition. 151 

In community ecology, several statistical frameworks have been proposed and used to 152 

test hypotheses on community dynamics (Buckley et al., 2021; De Cáceres et al., 153 

2019). The dynamics of ecological communities has been traditionally represented on 154 

ordination diagrams in which changes over time are represented by a set of vectors 155 

linking consecutive ecological states (Austin, 1977; Hudson and Bouwman, 2007; 156 

Legendre and Salvat, 2015; Matthews et al., 2013). The geometric properties of 157 

trajectories, defined in the space of an ordination diagram, are considered as relevant 158 

parameters to quantify the dynamics of ecological systems. The potential of 159 

geometrically-based methods was illustrated by De Cáceres et al. (2019) in the 160 

Community Trajectory Analysis (CTA) framework. Compared to previous 161 

approaches based on ordination diagrams, De Cáceres et al. (2019) considered 162 

community dynamics as trajectories in a chosen space of community resemblance, 163 

with no limit in the number of dimensions included. In CTA, trajectories are defined 164 

as objects composed of consecutive segments to be analysed and compared using 165 

distance- and direction-based metrics in the chosen multivariate space. Extending the 166 

initial framework, Sturbois et al. (2021) developed new CTA metrics and synthetic 167 

representation approaches, such as trajectory roses, and the inclusion of trajectory 168 

metrics in maps or ordination diagram.  169 

By analogy to community ecology, the term and the concept of trajectory have been 170 

informally used in stable isotope ecology to characterize dynamics and represent them 171 

in spaces of analysis [either δ space, p-space sensu Newsome et al. (2007), or spaces 172 

based on community-wide indices (e.g. Rigolet et al., 2015)]. The analysis and 173 

representation of stable isotope trajectories or contrasted patterns requires the use of 174 
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quantitative geometric properties in 2D δ spaces often complemented by vectors in 175 

stable isotope scatter plots  and/or circular representation (Agostinho et al., 2021; 176 

Black and Armbruster, 2021; Cucherousset et al., 2013; Schmidt et al., 2007). 177 

However, scientists are increasingly faced with multivariate datasets (i.e. >2 178 

dimensions) in stable isotope ecology in response to the potential use of (1) other 179 

isotopes to complement δ
13

C and δ
15

N [e.g. 
34

S (Connolly et al., 2004), δD (Doucett et 180 

al., 2007)] and (2) numerous structural and functional community wide metrics or 181 

indices (Cucherousset and Villéger, 2015; Layman et al., 2007). While the availability 182 

of long-term, large-scale, and high-resolution data is one of the most limiting factors 183 

to study temporal patterns in stable isotope ecology, the development of methods to 184 

analyse, synthesize, and ultimately represent the dynamics of ecological systems still 185 

remains an essential issue to complete current approaches by more quantitative and 186 

formal explicit frameworks. 187 

Building on CTA, we aim to provide a framework for the temporal analysis of stable 188 

isotope data at different levels of biological organization, from individuals to 189 

ecosystems to derive structural and functional trajectories in a new approach referred 190 

to as Stable Isotope Trajectory Analysis (SITA). We (1) provide a general definition 191 

of the trajectory concept applied in stable isotope ecology, adapted from CTA 192 

framework to stable isotope analysis, (2) present the package ‘ecotraj’ designed for 193 

ecological trajectory analyses and here used specifically for SITA, and (3) illustrate 194 

potential applications of SITA using field, experimental or modelled data that include 195 

four main topics in stable isotope ecology: (i) individual and (ii) population levels, 196 

(iii) structural and functional trajectories of entire food webs, and (iv) modelling of 197 

stable isotope dynamics at high spatio-temporal resolutions. 198 

 199 
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2. Trajectory concepts 200 

2.1 Trajectory concept in stable isotope ecology 201 

Founding works.  Wantzen et al. (2002) and Schmidt et al. (2007) were the first to 202 

study directions and distances in δ spaces. Building on these works and Adams and 203 

Collyer (2009) approach, Turner et al. (2010) provided a more explicit use of the 204 

concept of trajectory by the definition of trajectory attributes (size, direction and 205 

shape). Despite the fact that Layman et al. (2012) recommended these geometrically-206 

based approaches in conjunction with area-based in bivariate or multivariate isotopic 207 

space, to our knowledge, their use has currently been limited to bivariate spaces (e.g. 208 

δ
13

C-δ
 15

N biplots).   209 

Conceptual definition. A trajectory in stable isotope ecology can be defined as a path 210 

in a chosen space of analysis, (Ωδ or ΩƔ, depending whether the space is based on raw 211 

stable isotope data, or on derived indices, respectively), composed of one or different 212 

consecutive segments, resulting from repeated observations of a same sampling unit 213 

(individuals, populations, stations, food webs…). Observed temporal patterns can be 214 

characterised by distances and directions in Ω and used to define the nature (i.e. 215 

ecological meaning) and magnitude (i.e. importance) of temporal changes. The 216 

overall trajectory concept in stable isotope ecology can be adapted to different 217 

ecological questions, as illustrated in section 4. 218 

 219 

2.2 Characterizing stable isotope trajectories: 220 

2.2.1 Formal definition of trajectory in stable isotope ecology 221 

We follow here the CTA notation used by De Cáceres et al. (2019) to describe and 222 

compare trajectories in a multidimensional space of community composition. Given a 223 

target sample (individual, population, entire food web, station) whose dynamics is 224 
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surveyed, let o1, o2, …, on be an ordered set of n observations (n > 1) and t1, t2, …, tn 225 

the corresponding set of ordered survey times (i.e. t1 < t2 < …< tn). For all i in {1, 2, 226 

…, n}, xi contains the coordinates corresponding to oi in a multidimensional space Ω. 227 

The geometry of the trajectory T is formalized using a set of n – 1 directed segments 228 

{s1, …, sn-1}, where si = {xi, xi+1} is a segment with endpoints (community states) xi 229 

and xi+1.  230 

2.2.2 Definition of spaces supporting SITA 231 

Like CTA, SITA requires the definition of Ω defined by the resemblance between 232 

pairs of observations, measured using a dissimilarity coefficient d. SITA analysis is 233 

based on dissimilarity values contained in a distance matrix ∆=[d] (De Cáceres et al., 234 

2019).  235 

The trajectory concept in stable isotope ecology may be addressed in term of stable 236 

isotope composition or food web structure and functioning involving similar attributes 237 

(i.e. trajectory metrics) but different data inputs and space of analysis.  238 

Stable isotope Ωδ space: Ωδ is defined with stable isotope values of different elements. 239 

Coordinates in this space of analysis corresponds to raw stable isotope data. Despite 240 

δ
13

C and δ
15

N are the most commonly employed in a bidimensional context, other 241 

elements which are ecologically meaningful may also be considered for defining the 242 

Ωδ space (e.g. hydrogen δD, sulfur δ
 34

S, or oxygen δ
 18

O). Coordinates in Ωδ are used 243 

to compute the resemblance between ecological states using d, where we suggest to 244 

adopt the Euclidean distance, as it is commonly used in stable isotope ecology (Ben-245 

David et al., 1997; Kline Jr. et al., 1993; Schmidt et al., 2007; Turner et al., 2010; 246 

Wantzen et al., 2002; Whitledge and Rabeni, 1997). 247 

Structural and functional ΩƔ space: Looking for patterns in stable isotope ecology 248 

often leads to the calculation of community-wide metrics or any structural or 249 
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functional indices based on raw stable isotope data (Cucherousset and Villéger, 2015; 250 

Layman et al., 2007; Rigolet et al., 2015). ΩƔ is defined with any indices derived from 251 

raw stable isotope data, used as ecological proxies, such as to characterize food web 252 

structure, and allow comparison within and among systems. 253 

2.2.3 Trajectory metrics  254 

Metrics detailed in sections 2.2.3, herein adapted for a stable isotope purpose in Ωδ 255 

and ΩƔ, are part of CTA framework [see De Cáceres et al. (2019) and Sturbois et al. 256 

(2021) for equations and more details]. Note that additional metrics, not used here, are 257 

defined in these articles. 258 

2.2.3.1 Distance-based metrics 259 

Segment length (S) - The trajectory segment length is the distance between two 260 

consecutive surveys (i.e. measurements). The length of a segment is given by the 261 

distance between its two endpoints. The greater the length of a trajectory segment, the 262 

greater the distance between states is. This metric is particularly relevant to analyse 263 

the magnitude and the variability of trophic trajectories and allows distinguishing 264 

between gradual and abrupt changes. 265 

Trajectory path length (L(T)) - The trajectory path length is the sum of segment 266 

lengths for a given sampling unit. This metric informs about the overall temporal 267 

change. 268 

Net change (NC) - The net change is defined as the length between a pair of states, 269 

which includes a chosen baseline state (i.e. initial or reference state).  When 270 

calculated at the scale of an overall study period or at the end level of a gradient, this 271 

metric evaluates the difference between the initial and the final state, i.e. the overall 272 

net trajectory change.  273 
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Net Change Ratio (NCR) - The net change ratio is defined as the ratio between the 274 

overall net trajectory change and the trajectory path length. A high NCR indicates that 275 

a great part of the trajectory path contributes to net changes and illustrates a relative 276 

consistency in the drivers of ecological dynamics. Inversely, a low NCR illustrates the 277 

versatility of these drivers and highlights that a small part of the trajectory path 278 

contributes to net changes. 279 

Recovering or Departing Trajectory (RDT) – Let us consider a triplet of states 280 

composed of baseline, intermediate and final states. The dynamics with respect to the 281 

baseline state can be defined as recovering (i.e. return to the initial state) or departing 282 

(i.e. increasing distance from the initial state) by subtracting NCbaseline to intermediate to 283 

NCintermediate to final. RDT > 0 indicates a closer position at final state than intermediate 284 

state and consequently implies a recovering towards the initial state (RIS). Inversely, 285 

RDT<0 indicates a farther ecological state at final than intermediate state and 286 

consequently implies a departure from the initial state (DIS). 287 

2.2.3.2 Direction-based metrics 288 

Angle Ɵ – Ɵ is the angle between two consecutive segments ordered in time measured 289 

on the Euclidean plane that contains the three states. The angle 0°<Ɵ<180° is defined 290 

as the change of direction in this plane. The trajectory is linear when Ɵ=0°. If 291 

Ɵ=180°, the trajectory is still linear but opposite in sense. 292 

Angle ω – Instead of considering consecutive segments, angle ω allows assessing the 293 

linearity of changes with respect to a chosen reference segment (e.g. first segment) of 294 

an ecological trajectory. 295 

When space Ω is 2D, ω (as well as Ɵ) can be reported in a 0–360◦ system, if needed. 296 

Angle α – When space Ωδ and ΩƔ  is 2D, it becomes also relevant to consider 297 

trajectory segment directions with respect to the interpretation of the axes defining the 298 
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space. Angle α is measured considering the second axis of the 2D diagram as the 299 

North (0°). α allows comparing segment direction with respect to the influence of the 300 

variables used to interpret the two axes. When Ω is an ordination space, users may 301 

calculate α if they decide that the variance is sufficiently explained by the first two 302 

axes of the ordination and can refer to the loadings of original variables or their 303 

degree of correlation with additional variables. In an Ωδ space, α angles are a 304 

convenient way to express dynamics with respect to single isotope variability. 305 

Directionality (DIR) - The overall directionality of trajectories provides information 306 

about the consistency with which a sample follows the same direction and, therefore, 307 

the stability of ecological drivers that condition the stable isotope trajectory. DIR is 308 

bounded between 0 and 1 where the maximum value corresponds to a straight 309 

trajectory [see eq. 3 in De Cáceres et al. (2019)]. 310 

2.2.3.3 Geometric resemblance between trajectories  311 

De Cáceres et al. (2019) developed a geometrically-based approach to trajectory 312 

resemblance which includes the shape, size, direction and position of trajectories with 313 

respect to the resemblance between all observations (state) belonging to a same 314 

trajectory. The approach defines resemblance between pairs of segments or overall 315 

trajectories and allows centering trajectories to exclude differences in position while 316 

keeping the other components of trajectory resemblance. Different distance are 317 

proposed and discussed to compute dissimilarity calculation depending of users 318 

interests (De Cáceres et al., 2019).  319 

2.3 Representing trajectories in stable isotope ecology: 320 

The representation concepts provided herein are valid for the representation of 321 

trajectories in both Ωδ and ΩƔ spaces. 322 

 323 
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2.3.1 Trajectory diagrams 324 

Temporal dynamics in stable isotope ecology are sometimes represented  in 1D or 2D 325 

δ space by segment or arrows between consecutive surveys (Agostinho et al., 2021; 326 

Guzzo et al., 2011). Here, we propose a trajectory diagram (TD) concept to customise 327 

ordination diagrams by adding notably SITA metrics. Trajectory segments are 328 

normally represented by segments between surveys to form the trajectory path whose 329 

last segment is ended by an arrow. If one wants to go further in the representation of 330 

trajectory net changes, (1) net changes may be represented at each transitional state by 331 

the data point size and (2) the overall net change may be represented by a dotted line 332 

or arrow between the initial and final state of a time series. We recommend also the 333 

generalisation of density curves in the periphery of trajectory diagrams as it is 334 

sometimes done to compare different food webs (Zapata-Hernández et al., 2021).  335 

2.3.2 Trajectory rose diagram 336 

Schmidt et al. (2007) first introduced the use of direction and distance in their arrow 337 

diagrams. Building on this approach, we propose a complementary use of the 338 

trajectory rose (TR) diagrams proposed by Sturbois et al. (2021) to represent stable 339 

isotope dynamics in a circular way. The TR diagram consists of a circular bar plot of 340 

angles ranging from 0° to 360°. The barplot structure of TR allows representing 341 

factors in different bar sections. Depending on the aim of the analysis, users can 342 

choose to represent the distribution of Ɵ, ω or α angles. Bars sizes represent the 343 

number of segments concerned by each range of direction (e.g. 15°)  and cumulative 344 

segment length may be represented with point at the head of each bar and coloured 345 

according to lengths values (Sturbois et al., 2021c). In δ
13

C/δ
15

N Ωδ space, angles α 346 

illustrate different SI trajectory patterns according to increase and/or decrease in δ
13

C 347 

and δ
15

N values (0-90°: + δ
13

C and + δ
15

N; 90-180°: + δ
13

C and - δ
15

N; 90-180°: + 348 
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δ
13

C and - δ
15

N; 180-270°: + δ
13

C and - δ
15

N). In ΩƔ space, directions distribution 349 

refers to structural and functional indices. Note that the TR diagram may be adapted if 350 

one wants to represent with a similar visually importance both direction and distance 351 

(segment lengths or net changes instead of number of trajectory segments). In this 352 

case, the information of the TR becomes more similar to that of arrow diagrams 353 

(Schmidt et al. 2007). 354 

2.3.3 Trajectory heat-map 355 

Stable isotope datasets with high temporal resolutions may require special 356 

representations as they can potentially saturate TD or TR diagrams. 357 

Here, we propose the concept of trajectory heat-map (TH) to represent long-term 358 

stable isotope dynamics. The heat-map is a two-dimensional representation of data in 359 

which the changes in the distribution of a chosen trajectory metric over time are 360 

represented using cells colours (see section 4.6). TH allows the representation of the 361 

distribution of distance- and direction-based trajectory metrics.  362 

If users aim to favour the representation of directions in TH, angles Ɵ, ω or α can be 363 

represented in a matrix of fixed cell size whose colours vary depending of the number 364 

of a given direction range occurring in a given period. As in the TR, we advise the use 365 

of any direction bin size (e.g. 15°) to provide a synthetic representation. The TH can 366 

be completed by peripheric bar plots in order to represent trajectory lengths involved 367 

in each direction range and period (see section 4.6). In 2D Ωδ space, angle α illustrate 368 

for example different stable isotope trajectory patterns according to respective 369 

increase and/or decrease of the two stable isotope values (see section 2.2.3.2.). TH 370 

therefore provides a relevant visual summary of complex data sets highlighting the 371 

magnitude and the nature of stable isotope dynamics (TH cells clustering, barplots). In 372 

the TH concept users can easily choose to represent the distribution of segment 373 
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lengths or any trajectory metrics with respect to time, depending on ecological 374 

questions.  375 

2.3.4 Trajectory maps 376 

Expanding Sturbois et al. (2021),we propose the use of trajectory metrics as trajectory 377 

map input for the representation of temporal patterns in sampling units on geographic 378 

coordinates. Two examples are included herein to illustrate the potential of the 379 

trajectory map concept. 380 

2.3.4.1 Trajectory map from initial state 381 

We suggest the adaptation of the trajectory map concept (TM) proposed by Sturbois 382 

et al. (2021) to represent site scale dynamics in Ωδ or ΩƔ through geometrical 383 

properties of trajectories in synthetic figures accounting for temporal variability at the 384 

spatial unit scale. The use of a single map is proposed to represent all at once for each 385 

site of a study area (see section 4.5): (1) net change between x1 and xn-survey, (2) 386 

segment length (or sub-trajectory length) Si>1, and Sj>i, and (3) RIS or DIS segment or 387 

sub-trajectory lengths between xi and xn-survey. Net changes are represented through a 388 

circular symbol proportional to the length to vector x1-xj>i. On both sides, a bottom 389 

triangle symbol represents the x1-xi>1 vector and a top triangle the xi>1-xj>i vector. For 390 

both triangles, the size is proportional to the length of respective vectors, while the 391 

orientation and colour of the top triangle illustrate the direction (recovering or 392 

departing) of the second vector with respect to the initial or baseline state. 393 

2.3.4.2  Isoscape trajectory map 394 

The spatial distribution of stable isotopes in environmental materials can be predicted, 395 

using models of isotope-fractionating processes and data describing environmental 396 

conditions, and represented though isotopic landscape, called isoscapes (Bowen, 397 

2010; West et al., 2008). We adapted the TM concept for isoscape datasets 398 
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characterised by high spatial resolutions and a minimum of two temporal surveys or 399 

modelling. This particular concept of TM is inspired by wind/current map where the 400 

magnitude and the direction of wind/current are represented though multiple vector 401 

covering large areas. In the isoscape trajectory map (ITM), direction of arrows 402 

represent angles α in a 2D Ωδ space (e.g. δ
 13

C/δ
 15

N), and size illustrates trajectory 403 

length (see section 4.6). The representation of trajectory length is improved by a color 404 

raster of spatially-interpolated length values.  405 

3. Software availability 406 

In 2019, De Cáceres et al.proposed the community trajectory analysis framework 407 

(CTA) and functions for the calculation of associated metrics. These functions were 408 

included in package ‘vegclust’. In 2021, Sturbois et al. extended the CTA framework 409 

with new metrics and figure concepts. New functions were added in package 410 

‘vegclust’. The present article goes further in the adaptation of CTA, bridging a gap 411 

identified in the consideration of dynamics in stable isotope ecology, and starting the 412 

exploration of trajectory analysis beyond sites*species matrix. All these recent 413 

developments, and the fact that trajectory analysis can be applied to different spaces, 414 

claimed for a new package specifically devoted to Ecological Trajectory Analysis to 415 

allow taxonomic, functional or stable isotope trajectory analyses within a same tool 416 

though complementary space of analysis (Ω). 417 

The package ‘ecotraj’ [De Cáceres (2019), Sturbois et al. (2021)] assists ecologists in 418 

the analysis of temporal changes of ecosystems, defined as trajectories on a chosen 419 

multivariate space, by providing a set of trajectory metrics and visual representations. 420 

It includes functions to perform trajectory plots and to calculate a set of distance and 421 

direction-based metrics (length, directionality, angles...) as well as metrics to relate 422 

pairs of trajectories (dissimilarity and convergence). Currently, Trajectory analysis 423 
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(SITA as well as CTA) can be performed using the ˈecotrajˈ functions available on 424 

CRAN and GitHub repositories (https://emf-creaf.github.io/ecotraj/index.html). R 425 

codes to create figures are also shared to facilitate the use and the customisation of 426 

our trajectory chart concepts (Supplementary material) and a new vignette has been 427 

added in the documentation of the package. 428 

 429 

4. Applications of SITA 430 

Six ecological applications (EA) were chosen to illustrate the use of SITA metrics and 431 

representation concepts to stable isotope dynamics within different ecological systems 432 

and answering various ecological questions (Figure 1): stable isotope trajectories at 433 

the (1) individual (EA1 and EA2) and (2) population (EA1, EA3 and EA4) levels, (3) 434 

structural and functional trajectories at the scale of entire food webs (EA4 and EA5), 435 

and (4) stable isotope dynamics at high spatio-temporal resolutions (EA6). 436 

 437 

4.1 Spatial and temporal resource partitioning in fur seals 438 

Context - Many generalist populations are composed of individual specialists and 439 

individual specializations are increasingly recognized as an important component of 440 

many ecological and evolutionary processes (Bolnick et al., 2003), making crucial 441 

testing the consistency of individual specialization.  442 

Methods – δ
13

C and δ
15

N values of metabolically inert tissues reflect diet at the time 443 

of their growth, and continuously growing tissues can be used as time-recorder of 444 

movements and dietary history of individuals. Fur seals [the Antarctic fur seal 445 

Arctocephalus gazella (AFS) and subantarctic fur seal A. tropicalis (SAFS)] whisker 446 

stable isotope values yield unique long-term information on individual behaviour 447 

which integrates the spatial, trophic and temporal dimensions of the ecological niche 448 

(Cherel et al., 2009; Kernaléguen et al., 2012). The foraging strategies of these two 449 

https://emf-creaf.github.io/ecotraj/index.html
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species of sympatric fur seals were examined in the 2001/2002 winter at Crozet, 450 

Amsterdam and Kerguelen Islands (Southern Indian Ocean) by measuring the stable 451 

isotope compositions of serially sampled whiskers (see Kernaléguen et al., 2015, 2012 452 

for stable isotope preparation and analyses). The method consists in the analysis of 453 

consecutive whisker sections (3 mm-long) starting from the proximal (facial) end, 454 

with the most recently synthesized tissue remaining under the skin. Only individuals 455 

(n = 47) with whiskers totalizing at least 30 sections were selected, and only those 30 456 

sections were considered here (Sturbois et al., 2021a), from t1 (more recent values) to 457 

t30 (oldest values). SITA analysis was performed to track individual specialization 458 

within and among four fur seal populations. Different metrics (segments lengths, 459 

trajectory path, net changes, angle α) were calculated in the 2D Ωδ space (δ
13

C/δ
15

N) 460 

for each individual. Dissimilarities between individual trajectories were calculated 461 

[Directed Segment Path Dissimilarity (De Cáceres et al., 2019)], and was used with 462 

the resulting symmetric matrix as input in a Hierarchical Cluster Analysis (Ward.D2 463 

clustering Method), to define different groups of similar individual trajectories. 464 

Segment length, trajectory path length, and whisker δ
13

C / δ
15

N values were 465 

summarised to illustrate the trophic variability for each trajectory cluster. Hermans-466 

Rasson and Watson-William’s tests were performed to test the homogeneity of angle 467 

distribution among trajectory within each cluster and the difference of segment 468 

direction between clusters.  SITA metrics were represented in trajectory diagrams and 469 

a trophic trajectory rose.   470 

Results - SITA analysis revealed contrasted stable isotope dynamics among species, 471 

sexes, and individuals. Hierarchical cluster analysis identified six main trajectory 472 

clusters, characterised by differences in SITA metrics and whisker δ
13

C / δ
15

N values 473 

(Table 1 and figure 2). Clusters 1, 3, and 4 were exclusively composed of trajectories 474 
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corresponding to males, from AFS only (clusters 1 and 4) or from both species 475 

(cluster 3). These clusters were characterized by the highest values in distance-based 476 

metrics, revealing wider foraging strategies (Table 1). Cluster 1 and 4 were 477 

characterized by lower δ
13

C values contrasting with cluster 3. Cluster 2, characterized 478 

by a lower isotopic variability, grouped all of the 15 AFS females from Crozet and 479 

Kerguelen and included also 1 AFS male and three SAFS females. Individuals of 480 

cluster 5 (5 females and 1 male SAFS from Crozet) exhibited the lowest isotopic 481 

variability. Cluster 6 was exclusively composed of SAFS females from Amsterdam 482 

revealing a clear trophic segregation of females breeding there.  483 

Different foraging strategies characterized by some overlaps, and partly influenced by 484 

breeding sites (figure 2) were revealed for AFS males (distributed in four trajectory 485 

clusters) and SAFS females (3 clusters). The time series of net changes (Figure 3, 486 

Table 1) revealed that each individual exhibited a more or less well defined trophic 487 

cycle whose amplitude and period depended on trajectory clusters. The distribution of 488 

trajectory segment directions (α angles) was heterogeneous for five of the six clusters 489 

(Herman-Rasson tests, p>0.05) and some differences also exist among clusters 490 

(Figure 4). 491 

Discussion – The estimated δ
13

C values of the Polar Front and of the Subtropical 492 

Front for fur seal whiskers are approximatively -19 and -16 ‰, respectively (Cherel et 493 

al. 2009). Accordingly, Kernaléguen et al. (2015, 2012) showed (1) a spatial foraging 494 

gradient from southern cold waters to northern and warmer areas for, in the order, 495 

AFS male, AFS female and SAFS male and female, (2) males benthic feeding 496 

strategy near breeding places, and (3) δ
13

C and δ
15

N oscillation patterns in most 497 

whiskers. Trajectory analysis results are congruent with those conclusions, but we go 498 

further showing that individual feeding strategies transcend pre-established categories 499 
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such as species, genders and breeding places, which was not primary evident from 500 

analysis at the population level. This application confirms that SITA metrics and 501 

representations are relevant to track the shape and the magnitude of stable isotope 502 

trajectories in δ space at different scales from individual to population, particularly to 503 

reveal subtle relevant functional patterns in spatio- temporal resource partitioning. 504 

 4.2 Ontogenic stable isotope trajectories of juvenile fish  505 

Context – Intraspecific variability has strong ecological implications across levels of 506 

biological organisation and can modulate the outcomes of individual life history. This 507 

is particularly true for movement along habitats, which is an ubiquitous phenomenon 508 

with important consequences on individuals.  509 

Methods – Cucherousset et al. (2013) released 192 individually tagged, hatchery-510 

raised,  juvenile pike (Esox lucius L.) with variable body size and initial trophic 511 

position (fin δ
13

C/δ
15

N values). Based on δ
15

N values, individuals were classified into 512 

zooplanktivorous (δ
15

N < 10 ‰) and piscivorous (δ
15

N > 10 ‰) as cannibalism is 513 

commonly observed in this species. Individuals were released in a temporarily 514 

flooded grassland (FG) where pike eggs usually hatch of the Brière marsh (France) to 515 

identify the determinants of juvenile natal departure. The release site was connected 516 

through a unique point to an adjacent pond (AP) used as a nursery habitat. The pond 517 

strongly differs from the flooded grassland in many ecological features such as food 518 

availability (zooplankton and fish prey). Fish were continuously recaptured when 519 

migrating from FG to AP. Recaptured individuals (n = 29) were anaesthetized, 520 

checked for tags, measured for fork length, fin-clipped to quantify changes in δ
13

C 521 

and δ
15

N values (Sturbois et al., 2021a), and released. Net changes and angles α were 522 

calculated in Ωδ, and followed by hierarchical clustering of trajectories, as explained 523 

for the previous example. 524 
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Results – Overall, released individuals exhibited lower δ
13

C (-2.49 ‰ ±0.82, mean ± 525 

SD) and δ
15

N (-1.46 ‰ ± 0.89) when recaptured. The Hierarchical Cluster Analysis 526 

performed on pike trajectory dissimilarities matrix between release at FG and 527 

departure to AP separates four main trajectory clusters (Figure 5 and Table 2). 528 

Clusters 1 and 2 grouped mostly zooplanktivorous individuals at release characterized 529 

by late emigration to the pond (18.50 ± 0.87 and 18.20 ± 0.86 days, mean ± SE). 530 

Cluster 1 was characterised by higher net changes (3.16 ± 0.63) and more uniform 531 

direction (248.14° ± 2.17) than Cluster 1 (1.67 ± 0.10; 266.57° ± 8.89). Cluster 3 and 532 

4 grouped initially piscivorous individuals. High δ
15

N values for most individuals at 533 

emigration suggested either that these individuals kept feeding at higher trophic level 534 

than individuals from clusters 1 and 2, or a post-release period in the FG not long 535 

enough to reach the isotopic equilibrium. Difference in residence time (i.e. 13.67 ± 536 

1.4 and 9.60 ± 1.2 for clusters 3 and 4 respectively) was responsible for the difference 537 

in δ
15

N values between these two clusters (i.e. there was less time for hatchery SI 538 

values of cluster 3 to be diluted in FG stable isotope values). Among all clusters, the 539 

growth rate was very similar (1.92 ± 0.27 mm·day
-1

). 540 

Discussion - Results obtained using SITA analysis confirm the initial findings and 541 

interpretation in Cucherousset et al. (2013) but also provided additional information. 542 

The cluster analysis of trajectory dissimilarity allowed an efficient discrimination of 543 

trajectory patterns. Although these patterns were briefly discussed in the initial study, 544 

we were able to define trajectory and stable isotope properties in the four clusters, 545 

which clearly separate different ontogenic strategies amongst released individuals. 546 

Furthermore, the use of the TD offered a more complete representation of (1) 547 

trajectories properties at the population level (density curves), and (2) clusters and 548 

individuals levels (individual trajectory paths). 549 
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4.3 Trophic consequences of experimental warming on lizards. 550 

Context – Climate change is an important facet of ongoing environmental changes 551 

induced by human activities. While there is an increasing knowledge of how species 552 

will respond to climate changes in term of distribution, our ability to understand and 553 

predict changes in biotic interactions, such as predator-prey dynamics, is limited. 554 

Methods - Bestion et al. (2019) experimentally quantified the consequences of a 2°C 555 

warming on the trophic niche of a generalist lizard predator (Zootoca vivipara). 556 

Climate was manipulated in 10 × 10 m enclosure with similar natural vegetation and 557 

invertebrate communities, and a wide variety of thermal micro-habitats [(dense 558 

vegetation, rocks and logs, ponds), see Bestion et al. (2019) for more details]. In June 559 

2013, individuals belonging to two life stages (juveniles and adults) and from both 560 

sexes were allocated at similar density to ten enclosures: five enclosures with a 561 

‘present-day climate’ and five enclosures with a ‘warm climate’, i.e. 2°C warmer on 562 

average. There was no difference in δ
13

C and δ
15

N values between treatments at the 563 

start of the experiment. In mid-September 2013, surviving lizards were recaptured and 564 

a tail tip was collected for stable isotope analyses. Because stable isotope values of 565 

trophic resources varied among enclosures, a baseline correction (δ
13

Ccor and δ
15

Ncor) 566 

was performed to allow between treatment comparisons (Bestion et al., 2019a, 567 

2019b). Enclosures from the two treatments were paired in five blocks (A to E used as 568 

replications), and use to characterize, respectively, the initial (present-day climate) 569 

and final (warmer climate) states of a one-segment trajectory for five paired lizard 570 

populations in response to warming. Because the analysis focused particularly on 571 

shifts rather than absolute SI values, we favoured the representation of net change and 572 

angle α, calculated in Ωδ, in TR. 573 
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Results – Some differences in the magnitude of trajectories were observed among 574 

pairs of enclosures (Figure 6). Block C was characterized by the highest net change 575 

(1.63 ± 0.19) for all individuals (adults and juveniles of both sexes), while shifts in 576 

stable isotope values in response to warming were more limited in other blocks (A: 577 

0.36 ± 0.15; B: 0.39 ± 0.36; D: 0.55 ± 0.44; E: 0.47 ± 0.21 ‰). Some differences were 578 

also observed within paired enclosures where net changes were contrasted between 579 

individuals. For instance, in block D, adult males displayed the highest response 580 

(1.12) while juvenile females displayed the lowest response (0.12). Differences were 581 

also observed in the direction of the trajectories (Figure 6). In block C, all individuals 582 

display similar directional changes (10.23 ± 3.88°) with trajectories mainly implying 583 

increase in δ
15

Ncor values and limited δ
13

Ccor shifts. The other blocks displayed more 584 

variable responses to warming. For example, individuals from block A exhibited 585 

different directions in Ωδ revealing different patterns of stable isotope changes. 586 

Discussion – Using conventional statistical analyses, Bestion et al. (2019) concluded 587 

that lizards from warmer conditions had higher δ
15

Ncor values while non-significant 588 

changes in δ
13

Ccor values were observed. By pairing enclosures for trajectory analysis, 589 

SITA results were in accordance with these findings but they also highlighted the 590 

existence, in some cases, of other responses to warming, with approximately 25% of 591 

all individuals (life stage, sex and blocks) displayed slight decreases in δ
13

Ccor and 592 

δ
15

Ncor values. These findings may reveal some additional context-dependency in the 593 

response to warming observed at the individual level. 594 

 595 

 596 

 597 
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4.4 Contrasted trajectories in pristine and impacted sandy beaches undergoing 598 

green tide events  599 

Context - Excess nutrient inputs is one of the most important human-induced pressure 600 

in freshwater and marine water bodies. The assessment of the consequences of the 601 

resulting eutrophication on ecosystems functioning is necessary to identify and 602 

describe disturbance pattern, especially in comparison with unperturbed habitat. 603 

Methods - Quillien et al. (2016) studied changes in sandy-beach (SB) food web 604 

structure and functioning in response to green algae proliferation during green tide 605 

events (GT). Field work was conducted seasonally in the bay of Douarnenez 606 

(Brittany, France) in May, July, September and November 2012 at two SB: one 607 

impacted by GT and the other under pristine conditions (No_GT). Sampling and 608 

laboratory steps performed for community and stable isotope analyses are described 609 

in Quillien et al. (2016). Trophic trajectories in pristine and impacted SB were 610 

analysed both at the food web (1) and basal source/centroid/population (2) levels. At 611 

the food web level, functional diversity indices (Villéger et al., 2008) were calculated 612 

in the stable isotope space (Sturbois et al., 2021a) as proposed by Cucherousset and 613 

Villéger (2015) and Rigolet et al. (2015): Isotopic functional richness (IFRic), 614 

evenness (IFEve) and divergence (IDFiv). Mean distance to nearest neighbour (MNN) 615 

and centroid (MDC) were also calculated. Patterns of biomass were assessed by 616 

weighting stable isotope values of every species prior to indices calculations. A 617 

principal component analysis (PCA), followed by SITA analysis was performed on 618 

trophic indices (ΩƔ) to analyse changes in food webs properties at pristine and 619 

impacted SB over time. Distance (segment length, net changes) and direction based 620 

metrics (DIR, angles Ɵ) were calculated. SITA analysis was complementary 621 

performed in Ωδ defined with δ
13

C and δ
15

N values (Sturbois et al., 2021a) for basal 622 
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sources and food web centroids. Distance based metrics were calculated and 623 

trajectories at the different levels were represented in trajectory diagrams. 624 

Results - Structural and functional trajectories. The pristine SB was characterised by 625 

a lower structural and functional temporal variability (Trajectory path = 6.09, Mean 626 

segment length = 2.33 ± 0.48) than impacted SB (16.13, 5.38 ± 1.46) (Figure 7). Low 627 

DIR indicates non-straightforward trajectories for both sites (No_GT= 0.45 vs GT= 628 

0.33). Considering the first two ΩƔ dimensions, responsible for 92% of the total 629 

variance, the first trajectory segments (i.e. between May an July) were quite similar in 630 

direction for both sites (Angle α: No_GT= 89.06° vs GT= 69.07°) but different in 631 

magnitude (S1 length: No_GT= 2.29 vs GT= 5.43), thus highlighting similar trends of 632 

index values, excepted for IFDiv (Figure 7). For GT SB, S1 and S2 was followed by a 633 

directional rupture in ΩƔ (Ɵ1=107.00°; Ɵ2=133.14°) implying contrasted functional 634 

and structural shifts.  At No_GT SB, S2 followed a more straight forward path while 635 

S3 was characterised by an important direction change (Ɵ1=34.03°; Ɵ2=138.90°). At 636 

the scale of the overall study period, structural and functional variability was higher in 637 

SB harbouring GT (NC=4.74) than in pristine SB (NC=3.30). Between May and 638 

November, pristine SB was characterized by positive shifts in IFRic, and MDC and 639 

MNN and negative shifts in IF Eve and IFDiv. At GT SB, IFDiv and IFRic were 640 

characterized by moderate increase while MNN, IFEve and MDC decreased. At the 641 

scale of each trajectory segment, No_GT SB was mainly characterised by shifts in 642 

IFRic values whereas GT SB was typified by highest magnitudes of changes and 643 

contrasted shifts. Specifically, the decrease in MDC and MNN values occurring 644 

between July and September started to recover in November.  645 

Sources/centroids -specific trajectories in the δ
13

C and δ
15

N space.  646 
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Basal sources trajectories were longer, thus highlighting a high variability in stable 647 

isotope values (Figure 8). While particulate organic matter (POM) in impacted and 648 

pristine beaches exhibited similar trajectory length (6.67 vs 5.99), sedimentary 649 

organic matter (SOM) was characterised by a lower variability where GT occurred 650 

(3.66 vs. 6.05). Ulva spp. was characterized by the highest stable isotope variability 651 

(8.56). Specifically, POM trajectories at both sites were similar in term of nature, 652 

seemingly cyclic, but different in magnitude. SOM at both sites depicted more 653 

complex trajectories with similar but not synchronised stable isotope trends, notably 654 

in September and November (i.e. November SOM No_GT vs September SOM GT, 655 

and inversely). Trajectories of centroids did not reflect the magnitude of basal sources 656 

dynamics in GT (Trajectory path= 1.40, Net change = 0.76) and No_GT SB (1.62, 657 

0.53). Trajectories of basal sources and centroid highlighted a constant enrichment in 658 

13
C excepted for SOM in September, while δ

15
N patterns were less obvious. 659 

Discussion – Results are congruent with conclusions of Quillien et al. (2016) who 660 

showed a simplification of food web structure and functioning in sandy beach where 661 

green tide occurred.  The consideration of stable isotope dynamics at basal sources 662 

and centroids levels helps to better understand structural and functional trajectories at 663 

both sites. The interest of SITA consists in the consideration of both sites through 664 

their own dynamics exhibited at different levels. Specifically, SITA analysis pointed 665 

out (1) low differences and variability of food web centroids at both beaches, and (2) 666 

contrasted structural and functional trajectories depicting the initiation of two 667 

potential food web cycles, which differ in nature and magnitude. 668 

 669 

 670 

 671 
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4.5 Biological invasions and trophic structure dynamics of lake fish communities 672 

Context – Community assembly can strongly impact the dynamics of biological 673 

diversity and the functioning of ecosystems (Bannar‐Martin et al., 2018). 674 

Environmental changes strongly affect the way species interact and how community 675 

assemble and it is therefore important to assess how the trophic structure of 676 

communities will respond to these changes.  677 

Methods – This question was investigated by quantifying the temporal dynamic of the 678 

trophic structure of fish communities in a network of gravel pit lakes displaying 679 

varying levels of biological invasions (Zhao et al., 2019). Fish were sampled in 2014, 680 

2016 and 2018 using a standardised protocol (gill netting and electrofishing) in six 681 

gravel pit lakes located along the Garonne river [Figure 9] (Alp et al., 2016; 682 

Evangelista et al., 2017; Zhao et al., 2019) . Fish were identified at the species level, 683 

counted, measured, and fin clips were collected for δ
13

C and δ
15

N analysis. 684 

The overall data set (all lakes and sampling year pooled) included 19 species. Five 685 

species were present in more than 75% of all communities (18 lakes*years): two non-686 

native species, namely pumpkinseed (Lepomis gibbosus) and black bullhead 687 

(Ameiurus melas) and three native species, namely roach (Rutilus rutilus), perch 688 

(Perca fluviatilis) and rudd (Scardinius erythrophthalmus,). Rarer species such as 689 

Oncorhynchus mykiss, Gymnocephalus cernua, Anguilla anguilla and others were 690 

sampled only one year in one lake. Across all sites and all years, the most abundant 691 

species included two invasive species (mosquitofish Gambusia affinis (22.98 % ± 692 

18.35) and black bullhead (17.46 % ± 16.37) followed by the native roach (15.72 % ± 693 

14.55).  694 

The variability of frequency and relative abundance among lakes and years illustrated 695 

the strong community dynamics occurring in lakes. A trajectory analysis was 696 
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performed to determine if changes in community composition were associated to 697 

changes in the stable isotope structure of communities over time. Four stable isotope 698 

structure indices [namely isotopic richness, δ
13

C range, δ
15

N range, isotopic evenness 699 

following Cucherousset and Villéger, 2015 and Layman et al., 2007)] were calculated 700 

(Sturbois et al., 2021a) using abundance data and used in SITA analysis for ΩƔ. 701 

Distance (Segment length, Net change, Trajectory Path, NCR, RDT) and direction 702 

based (Angle Ɵ, Directionality) were calculated and represented in trajectory diagram 703 

and map. 704 

Results – SITA analyses highlighted a high level of variability between lakes. Lakes 705 

Lamartine (Trajectory path : 6.70), Lavernose (4.95) and Bidot (4.45) were 706 

characterised by recovering pattern (Figure 9 A. & C.) between 2016 and 2018, as 707 

indicated by high Angles Ɵ (146.05°, 164.09°, 172.41°), low DIR (0.19, 0.09, 0.04) 708 

and moderate NCR (0.35, 0.48, 0.31) values, respectively. The efficiency of 709 

recovering pattern contributed to low Net changes (2.37, 2.37, 1.38). At the opposite, 710 

lakes Pouvil (TP: 4.54), Birazel (3.94) and Bois-Vieux (2.90) were characterized by 711 

different trajectory patterns characterised by lower Angles Ɵ (63.25°, 16.22°, 712 

100.99°), and higher DIR (0.65, 0.91, 0.44) and NCR (0.88, 0.99, 0.66) values. 713 

Differences were also observed in the nature of the structural trajectories among lakes 714 

(Figure 9 A. & B.). Specifically, the structural trajectory of lake Bidot was mainly 715 

characterised by a decrease of δ
13

C range, contrasting with lake Birazel trajectories 716 

that were mainly characterised by a strong increase in δ
13

C range and isotopic 717 

richness, and a moderate increase in δ
15

N range and isotopic Evenness. We also found 718 

that the structural trajectories of lake Pouvil were primarily characterised by a strong 719 

increase in δ
15

N range and isotopic richness and a decrease in Evenness. 720 
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Discussion – SITA approach provided a global and quantitative analysis to compare 721 

the magnitude and nature of structural change over time and across multiple lakes 722 

with different invasion levels. Coupling distance and direction based metrics 723 

underlined recovering and departing trajectories characterised by contrasting changes 724 

in isotopic indices. In some lakes, exhibiting departing trajectories, direction-based 725 

metrics underlined persistent changes though strong linear trajectories, while potential 726 

cyclic dynamics were suggested for recovering lakes over the study period. The 727 

trajectory map constitutes a synthesis of distance based metrics and an efficient way 728 

to compare the structural food web variability of all lakes. The SITA approach could 729 

therefore help understanding the patterns of trophic structure variability in disturbed 730 

ecosystems. 731 

 732 

4.6 Spatio-temporal variability of δ
13

C and δ
15

N modelled isoscapes in the 733 

Northeast Pacific  734 

Context – Isoscapes are increasingly used to assess the relative trophic position of 735 

higher trophic levels, to provide information on the relative productivity of different 736 

regions, and they can also be used to track the migration of animals. Despite isoscapes 737 

provide a wide distribution of the variations of stable isotope values, this tool is 738 

currently limited for the synthetic analysis of stable isotope dynamics.  739 

Methods - Espinasse et al. (2020) tested the application of isoscapes modelled from 740 

satellite data to the description of secondary production in the Northeast pacific. Few 741 

key parameters (sea surface temperature, sea level anomaly, and chlorophyll-a) were 742 

used as inputs on a general additive model. The output model fits in a 0.25° x 0.25° 743 

spatial grid covering the region spanning from 46 to 62°N and from 195 to 235°E and 744 

supporting δ
13

C and δ
15

N isoscapes from 1998 to 2017 (Espinasse, 2020). We subset 745 

modelled δ
13

C and δ
15

N values of a 1° x 1° spatial grid from the original modelled 746 
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dataset. Isoscapes modelled for 2013, 2015 and 2017 were selected as they were 747 

characterised by high stable isotope dynamics and consequently constitutes relevant 748 

inputs to test our ITM concept. Modelled stable isotope values for which one of the 749 

parameter was missing were excluded. Mapping trajectory metrics requires that 750 

stations are synchronously surveyed. Consequently, stations where values were 751 

missing for one date within each pair of dates (2013-2015 and 2015-2017) were also 752 

excluded. The subset of stations supporting SITA analysis was finally composed of 753 

489 and 488 stations for the periods 2013-2015 and 2015-2017, respectively. Segment 754 

lengths (2013-2015 and 2015-2017), and angles α were calculated in the modelled 2D 755 

Ωδ space (δ
13

C/ δ
15

N) for all stations and periods and used as input in a modelled 756 

ITM. RDT and overall NCR were also calculated to qualify departing or recovering 757 

patterns between 2015 and 2017 with respect to the δ
13

C and δ
15

N values modelled in 758 

2013. Additionally, a long-term SITA analysis was performed from 1998 to 2017 759 

using directions and net changes calculated for all pairs of dates (1998-1999,…,2016-760 

2017) as input for a TH. 761 

Results – Modelled ITM revealed contrasted dynamics between 2013-2015 and 2015-762 

2017 (figure 10). While differences in the nature of changes (i.e. direction) were 763 

highlighted in the ITM, the overall magnitudes of the dynamics were similar (total 764 

segment length = 638.90 between 2013 and 2015 vs 620.41 between 2015 and 2017). 765 

Few areas concentrated an important part of the overall dynamics especially in the 766 

southeast part and, to a lesser extent, in the northern part of the modelled area. The 767 

ITMs suggest an overall recovering pattern between 2015 and 2017 with respect to 768 

the model defined in 2013, which is confirmed by a RDT<0 for 76% of stations and a 769 

low overall mean of NCR values (0.21). 770 
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The TH (Figure 11) revealed that angles α ranging from 0 ° to 90° and 180° to 270° 771 

were the most frequent from 1998 to 2017. While stable isotope trajectories 772 

characterized by increases in δ
13

C and δ
15

N values alternated with pattern of decrease 773 

in both isotope values and exhibited the major part of the overall changes, some fine 774 

scales patterns were also revealed at the beginning of the modelled period.  775 

Discussion - The ITM provides a relevant visual synthesis of (1) spatio-temporal 776 

dynamics complementary to (2) modelled isoscapes. (1) ITM, including trajectories of 777 

two stable isotopes, highlight areas of high variability associated to eddies which 778 

enhance local production in the open ocean (Espinasse et al., 2020). It also allows to 779 

easily identify areas with stable isotope values that are stable over time, which is 780 

useful for animal tracking studies (Trueman and St John Glew, 2019). (2) Modelled 781 

isoscapes also illustrate this pattern beyond the decrease in δ
13

C and δ
15

N values from 782 

the coast to offshore (Espinasse et al., 2020). One solution to identify this second 783 

pattern in the ITM may consist in the addition of trajectory clusters (color of vectors) 784 

from a trajectory similarity analysis. In such case, users should be careful with the 785 

figure readability. The main advantage of this concept of trajectory map lies in its 786 

ability to synthesize spatio-temporal dynamics from four isoscapes, which is a major 787 

challenge when dealing with massive amounts of spatialized data. 788 

The TH provides an effective synthesis of high temporal resolution stable isotope 789 

dynamics for a 20 years period, highlighting cyclic patterns of enrichment and 790 

depletion in 
13

C and 
15

N isotopes. Coupled with quantitative SITA metrics, ITM and 791 

TH appear as promising tools for isoscapes space-time analyses. These innovative 792 

figure concepts allow illustrating differences in the magnitude and nature of spatio-793 

temporal stable isotope dynamics, and they can be easily coupled with statistics to 794 

track accurately for significant patterns in high resolutions data sets. 795 
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5. Discussion 796 

Building on previous works dealing with ecological dynamics in stable isotope 797 

ecology, we adapted CTA to provide a formal and explicit framework for the analyses 798 

and representations of spatial and temporal trajectories in stable isotope ecology. The 799 

different examples used here, sourced from marine, terrestrial and freshwater 800 

ecosystems, illustrate the insights provided by this new analytic framework. SITA 801 

originates from CTA framework, and we believe that the representation solutions 802 

proposed here (e.g. trajectory diagrams, trajectory heat map…) are also easily 803 

transferable to many different fields of ecology, including community ecology.  804 

 805 

5.1 Tracking stable isotope dynamics with SITA metrics 806 

Distance- and direction-based metrics provide quantitative synthetic information and 807 

allow effective comparisons at the individual, population, community and ecosystem 808 

scales, all being relevant scales that are widely explored in ecology (Layman et al., 809 

2012). Our approach was complementary to original analyses in the different 810 

application datasets. Coupled with the calculation of distance- and direction-based 811 

metrics, the analysis of trajectory similarity helped highlighting contrasted individual 812 

strategies that were not revealed from analysis at the population level because they 813 

did not systematically follow species, age or gender a priori classifications (EA1 and 814 

3).  When applied at the individual to the population levels, SITA allows studying the 815 

shape and the magnitude of stable isotope trajectories to track for resource 816 

partitioning (EA1), adaptation to a changing environment (EA2, EA3 and EA4), or 817 

animal migrations (EA1). The SITA framework allows measuring changes in term of 818 

both stable isotope composition (Ωδ), and structure and functioning (ΩƔ), which is 819 

useful and relevant for understanding contrasted food web dynamics in response to 820 
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environmental or anthropic pressures (EA4). The definition of recovering and 821 

departing patterns with respect to initial states highlights different dynamics through 822 

the distinction of sites characterized by long-term changes from those characterized 823 

by ecological periodicity (EA5), or unexplained, seemingly chaotic, variability. SITA 824 

can also identify shifts and cycles in the composition of sources (EA4, EA6). While 825 

not illustrated here, using mixing models to define Ω [see p-spaces defined in 826 

Newsome et al., (2007)] supporting SITA analysis seems a very promising avenue to 827 

track temporal changes in the proportion of resources fuelling consumers and 828 

potential energy pathway dynamics. 829 

SITA contributes to achieve the synthetic challenge inherent to high spatio-temporal 830 

resolution datasets, independently of the size of the study area and/or the length of the 831 

time series. This ability to deal with large datasets seems especially relevant in the 832 

context of isoscape dynamics in widespread and/or intensively studies area, as shown 833 

for stable isotope dynamics in the northeast Pacific water body (EA6). 834 

Differences in SITA metrics can be tested statistically as illustrated with circular 835 

statistics for direction-based metrics (EA1). Users are encouraged to use 836 

complementary statistical approaches, such as regression or correlation tests, to 837 

explore the relationship and the strength of the relationship between distance-based 838 

metrics and other explanatory variables under natural, anthropogenic or experimental 839 

conditions. 840 

 841 

5.2 Representing spatio-temporal dynamics in stable isotope ecology 842 

The recent CTA extension (Sturbois et al., 2021c) showed the importance to plot 843 

trajectory metrics in specifically designed figure concept, adapted for the 844 

representation of dynamics. Building on this, and on previous attempts in stable 845 
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isotope ecology (Agostinho et al., 2021; Cucherousset et al., 2013; Schmidt et al., 846 

2007), we proposed here two new figure concepts specifically devoted to the 847 

representation of dynamics at large spatio-temporal scales: the isoscape trajectory 848 

map and the trajectory heat map (figures 10 & 11). Here, we have chosen the figure 849 

concepts that we deemed the most suitable for each ecological application. We 850 

believe that these entire figure concepts are strongly complementary and that users 851 

should explore all figure concepts and metrics, finally selecting the ones most adapted 852 

to the relevant hypotheses. 853 

To improve the representation of dynamics through trajectory diagrams, users could 854 

innovate in the representation of trajectory metrics. For example, the customisation of 855 

diagram traditionally used in stable isotope ecology with arrows, density curve, net 856 

changes and trajectory clusters together brings new perspectives in the visualisation of 857 

ecological dynamics (EA1, EA2, EA4 and EA5). Trajectory roses offer innovative 858 

ways to represent directions. We went beyond the arrow diagrams proposed by 859 

Schmidt et al. (2007) by using the trajectory rose that allows representing both angle 860 

distribution and length (EA3), or favoring the contrasted distribution of angles among 861 

different groups (trajectory cluster, population, anthropogenic factors…) using a 862 

circular bar plot structure (EA1). We also developed the initial trajectory map concept 863 

(Sturbois et al., 2021c) devoted to the representation of trajectory metrics in synthetic 864 

maps (EA5), by the proposition of the isoscape trajectory map specially designed to 865 

illustrate stable isotope dynamics at very large scale (EA6). Largely inspired by wind 866 

and current map, the isoscape trajectory map appears particularly relevant to detect 867 

patterns characterized by differences in the nature and magnitude of stable isotope 868 

dynamics. To complement the representation of dynamics at high spatio-temporal 869 

resolution, we propose the trajectory heat map concept, which provides synthetic 870 
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perspectives to represent both the magnitude and the nature of changes and detect 871 

potential long-term stable isotope cycles in large areas (EA6). 872 

We believe that these entire figure concepts are far from being exhaustive and we 873 

suggest users to innovate in the representation of trajectory metrics and in the 874 

customisation of R codes provided here [DataS1: SITA_R_Codes, (Sturbois et al., 2021b)].  875 

 876 

5.3 Assumption, applications and limitations of the proposed framework   877 

Ecologists are increasingly using sophisticated methods for dealing with measured 878 

data (Fry, 2013) and stable isotope ecology is no exception. While it is always 879 

tempting to favour approaches providing quantitative analyses, it is important to keep 880 

in mind the biological meaning of associated assumptions, and their inherent 881 

simplifications (Layman et al., 2012). If the SITA framework and the associated 882 

graphical representations constitute potential management and decision-making tools, 883 

we urge users interested in sharing this synthetic tools with stakeholders or managers 884 

that interpretation must be done carefully with a hand of experienced multivariate / 885 

stable isotope ecologists (Sturbois et al., 2021c).  886 

“A carpenter would never use a screwdriver to pound a nail” (Layman and Post, 887 

2008): SITA concepts and metrics were not intended as a universal tool to be applied 888 

in all situations or to be opposed to other available methods (Buckley et al., 2021b, 889 

2021a), but as a new tool for the stable isotope ecologists that could be useful in 890 

situations suitable for trajectory analysis. Similarly to all analytical tools, there is a 891 

high likelihood that the SITA framework may be applied to datasets to which it is not 892 

well suited or that inexperienced users may misinterpret the results. Indeed, there is a 893 

considerable history of this in the stable isotope literature concerning for example 894 

mixing models (Fry, 2013; Jackson et al., 2009; Phillips, 2001; Phillips et al., 2014). 895 
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Users must consequently be aware of the assumptions, fields of application and 896 

limitations associated with the SITA framework as described in this section.  897 

Despite the speed of changes allows dealing with variations in frequency of surveys, 898 

we encourage users to establish sampling strategies implying synchronous sampling 899 

and similar frequency of surveys (De Cáceres et al., 2019; Sturbois et al., 2021). It is 900 

an essential condition to use at best the SITA framework.  901 

Multivariate ecological methods are descriptive by nature. Despite SITA providing 902 

accurate measurements and representations of dynamics in stable isotope ecology, it 903 

shares limitations with CTA (De Cáceres et al., 2019; Sturbois et al., 2021c). 904 

Consequently, SITA outputs must be completed by a strong examination of input 905 

datasets (stable isotope raw data or structural and functional indices) in order to 906 

improve the ecological interpretation of observed dynamics. Similarly, SITA may be 907 

complemented with additional analyses (Buckley et al., 2021a) to statistically test for 908 

other aspects of changes or to provide statistical backgrounds.  909 

Note that ordination spaces are specifically constructed for each given data set. 910 

Therefore, any data transformation on the raw data or sampling decision is likely to 911 

affect trajectories, and subsequently, all metrics to be calculated. This effect should be 912 

tested before any overall transformations of raw data such as scaling and/or baseline 913 

correction of stable isotope values, or any biomass or abundance weighing prior to 914 

indices calculation.  915 

Despite the SITA framework is not limited in term on the number of components 916 

considered in metric calculations, some of the applications only consider a part of the 917 

variability if Ωδ or ΩƔ  contain more than two dimensions (reporting angles Ɵ, ω in a 918 

0–360◦ system, angle α calculation). In this context, performing SITA analysis 919 
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requires a careful interpretation of the multivariate space in order to assess the 920 

consequences of such reduction. 921 

SITA also shares numerous limitations inherent to stable isotope properties and 922 

analysis (Fry, 2008; Garvey and Whiles, 2017). Dynamics of basal sources stable 923 

isotope values influence the corresponding stable isotope compositions of consumers 924 

(Matthews and Mazumder, 2004) and potentially the metrics used to describe the 925 

variability, and the food web structure and functioning. However, SITA analysis 926 

offers the possibility to explore both source and consumer dynamics. Additionally, 927 

many other factors are known to influence food assimilation and finally the isotopic 928 

composition of consumers such as fractionation variability or the type of tissue 929 

analysed (Fry, 2008).  930 

In complex ecosystems characterised by similar stable isotope composition of basal 931 

sources and in underdetermined cases where multiple outcomes are feasible from 932 

isotope tracer measurements, different feeding pathways may lead to similar positions 933 

in δ space (Fry, 2013; Layman et al., 2007), a situation that cannot be disentangled by 934 

SITA analysis and necessitates complementary approaches. At the opposite, SITA 935 

will be more relevant when differences in stable isotope values of basal sources 936 

induce contrasted positions of consumers. When performed at the population level, 937 

mean stable isotope values are used as input in SITA analysis, which has the 938 

drawback of hiding the stable isotope composition variability at intra-specific levels 939 

(Bearhop et al., 2006; Matthews and Mazumder, 2004). In this case, intrapopulation 940 

variability could be shown as confidence intervals in trajectory diagrams or maps. 941 

The metrics allow a real time measurement of dynamics, and a qualitative and 942 

quantitative assessment of the potential degree of success in achieving conservations 943 

objectives or the impact of natural or anthropogenic changes in environmental 944 
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conditions. All factors inherent to multivariate and stable isotope analysis, 945 

individually or combined, may influence SITA metrics calculations, and we urge 946 

users for a careful check of such potential bias before defining their sampling design, 947 

performing SITA, and interpreting results. Otherwise, conclusions may lead to an 948 

incomplete picture and can mislead the description of dynamics with potential 949 

misdirecting conservation actions or overstating conservation progress.  950 

 951 

5.4 Exporting trajectory analysis to other kinds of ecological data 952 

Taking into account the strengths and limitations of the proposed framework, we 953 

consider that SITA brings insightful perspectives into the analysis of high-resolution 954 

temporal datasets using stable isotope and/or other tracers in integrating organism 955 

tissues. Even though the SITA framework has been here defined based on stable 956 

isotope data, and builds on the CTA framework for community data; any other 957 

multidimensional input data is likely to be suitable for this approach. For instance, 958 

using trajectory analysis on multi-trace element data, including stable isotope or not, 959 

would provide appealing insights into subpopulation migratory patterns in fish 960 

populations based on otolith chemistry (Elsdon et al., 2008; Trueman et al., 2012). 961 

Similar applications can easily been foreseen at the individual scale from tree rings, in 962 

a dendrochronology context (Sleen et al., 2017), or from environmental signals 963 

recorded in bivalves shells (Butler et al., 2019), or bone growth layers (Merrett et al., 964 

2021; Turner Tomaszewicz et al., 2016). As shown at the scale of the Northeast 965 

Pacific water body (EA 6), sea water stable isotope composition can be tracked at 966 

large spatio-temporal scales and may be tested for long-term or seasonal stable 967 

isotope trajectories in rain and snow fall (Aizen et al., 2005; Tian et al., 2018), or ice 968 

(Schotterer et al., 1997; van Trigt et al., 2002; Werner et al., 2018). Other tracers are 969 
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also increasingly used in association with stable isotopes, such as contaminants (Dietz 970 

et al., 2021, 2004) or fatty acids (Madgett et al., 2019) and the absence of limitation in 971 

the number of dimensions supporting SITA constitutes an important strength to 972 

improve the analysis of such complex multivariate datasets. As experimental studies 973 

involved very controlled protocols, SITA metrics can also be particularly relevant to 974 

depict experimental trajectories (EA3).  975 

We hope that trajectory analysis using the new ˈecotrajˈ package will contribute to the 976 

assessment of natural or man-induced environmental changes using the response of 977 

chemical composition in biological archives, both in contemporary or archaeological 978 

studies at local, to regional and global scales. On a broader front, it claims for an 979 

extension of the trajectory analysis concept to other fields in ecology. In this 980 

perspective, the adaptability to different type of ecological questions (compositional, 981 

functional, structural, trophic…) given by the choice of the space of analysis Ω (i.e. 982 

raw variables and dissimilarity metric choice) constitutes the major strength of the 983 

approach. We strongly believe that coupling ecological trajectory analysis 984 

frameworks with traditional methods of analysis in studies dealing with long-term 985 

integrative data sets could bring interesting perspectives for a better understanding of 986 

ecosystems functioning, trends in ecosystems quality, and past and present global 987 

changes.  988 
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TABLES LEGENDS 1315 

Table 1: Characteristics of fur seal trajectory clusters:  number of individuals (n), 1316 

stable isotopes (SI), distance based metrics, number of individuals depending of 1317 

species and genders [female A. gazella (FAFS), male A. gazella (MAFS), female A. 1318 

tropicalis  (FSAFS), male A. tropicalis (MSAFS)] and breeding sites [ Crozet (Cro), 1319 

Kerguelen (Ker), Amsterdam (Am)]. Values are means ± SE. Data sets from 1320 

Kernaléguen et al. (2012). 1321 

 1322 

Table 2: Characteristics of Pike trajectory clusters:  number of individuals (n), 1323 

Residence time in flooded grassland (Res. time), Size shift (mm), Growth rate 1324 

(mm.day
-1

), SI shift, SITA metrics, Trophic status at release [zooplanktivorous (δ
15

N 1325 

< 10) vs piscivorous (δ
15

N > 10)]. Values are means ± SE (± SD for total). Data sets 1326 

from Cucherousset et al. (2013). 1327 
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TABLES 1340 

Table 1 1341 

δ 13C ‰ δ 15N ‰ Trajectory path Segment length Net changes FAFS M AFS FSAFS M SAFS Cro Ker Am

1 2  -22.29 ± 0.17 9.77 ± 0.20 21.77  ±  6.14 1.50  ±  0.21 3.86  ± 0.51 2 2

2 19  -17.54 ± 0.04 10.52 ± 0.02 14.59  ±  0.99 0.99  ±  0.03 1.79  ± 0.09 15 1 3 13 6

3 6  -16.65 ± 0.07 11.93 ± 0.07 19.61  ± 1.01 1.33  ±  0.03 2.70  ± 0.11 2 4 6

4 4  -18.96 ± 0.23 11.39 ± 0.14 35.22  ± 3.51 2.36  ±  0.12 6.53  ± 0.24 4 4

5 6  -16.57 ± 0.03 10.79 ± 0.03 9.39  ± 0.80 0.64  ±  0.03 1.21  ± 0.09 5 1 6

6 10  -15.42 ± 0.02 13.32 ± 0.04 12.54  ± 0.55 0.84  ±  0.02 1.59 ± 0.06 10 10

TOTAL 47 15 9 18 5 31 6 10

n / breeding places
Clusters n 

Whisker SI values Distance based CTA metrics n / species-genders

1342 
 1343 

 1344 

 1345 

 1346 

 1347 

 1348 

 1349 

 1350 

 1351 

 1352 

 1353 

 1354 

 1355 

 1356 

 1357 

 1358 

 1359 

 1360 

 1361 

 1362 

 1363 

 1364 
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Table 2 1365 

δ13C ‰ δ15N ‰ Net changes Angles α Zplankt. Pisciv.

1 4 18.50 ± 0.87 35.25 ± 1.44 1.90 ± 0.38  -2.90 ±  0.20  -1.24 ±  0.14 3.16  ±  0.63 248.14 ± 2.17 3 1

2 5 18.20 ± 0.86 34.40 ± 0.71 1.90 ± 0.23  -1.58 ±  0.03  -0.10 ±  0.11 1.67  ±  0.10 266.57 ± 8.89 5

3 15 13.67 ± 1.42 26.13 ± 4.78 1.91 ± 0.10  -2.90 ±  0.28  -2.10 ±  0.19 3.13  ±  0.26 233.92 ± 1.35 15

4 5 9.60 ± 1.21 18.20 ± 1.71 1.96 ± 0.18  -1.86 ±  0.17  -1.09 ±  0.15 2.63  ±  0.42 239.12 ± 5.53 5

TOTAL 29 14.41 ± 5.14 27.45 ± 10.06 1.92 ± 0.27  -2.49 ± 0.82  -1.46 ± 0.89 2.95 ± 1.02 242.41 ± 15.60 8 21

SITA metrics Trophic status
Clusters n Res. time Size shift

Growth

rate

SI shifts

1366 
 1367 
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FIGURE LEGENDS 1388 

Figure 1: Levels of analysis and ecological questions drive inputs data used to define 1389 

the space of analysis supporting SITA analysis. While structural and functional 1390 

analysis required community wide-metrics or indices to define ΩƔ, raw stable isotope 1391 

data are used for the definition of Ωδ that support stable isotope trajectories at 1392 

different levels from individual to population, or for ecological questions that involve 1393 

high stable isotope spatio-temporal resolutions. The SITA adaptability allows the 1394 

calculation of distance and directions based trajectory metrics in both, Ωδ and ΩƔ, and 1395 

their visualization in different figures devoted to the representation of dynamics. 1396 

 1397 

Figure 2: Individual fur seal trophic trajectories for males and females of A. gazella 1398 

and A. tropicalis. Arrows connects all whiskers section stable isotope values from t1 1399 

to t30 (i.e. most recent to oldest stable isotope values). Colours corresponds to 1400 

trajectory clusters and shape to breeding sites. Data from Kernaléguen et al. (2012). 1401 

 1402 

Figure 3: Fur seal individual trophic trajectories. Net changes time series for males 1403 

and females of both AFS and SAFS. Arrows connects all whiskers section stable 1404 

isotope values from t1 to t30 (i.e. most recent to oldest stable isotope values). Colours 1405 

corresponds to trajectory clusters. Data from Kernaléguen et al. (2012). 1406 

 1407 

Figure 4: Angle α trajectory roses of fur seals trajectory cluster. Angles α were 1408 

calculated in 2D Ωδ space (δ
 13

C/δ
 15

N) and represented by range (15◦) of direction. 1409 

Bars size represent the number of trajectory segments (all individual within each 1410 

trajectory clusters). Watson-William’s two test (WW) and Herman-Rasson test (HR) 1411 

were used to test the difference between cluster and the uniformity of directions, 1412 
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respectively. (p-values: . >0.05 ; * <0.05 ; ** < 0.01 ; < 0.001). Data from 1413 

Kernaléguen et al. (2012). 1414 

 1415 

Figure 5: Trajectory diagram of pike released in a flooded grassland and recaptured 1416 

when emigrating into an adjacent pond. Arrow represent trajectory path for each pit-1417 

tagged individual. Colors correspond to trajectory clusters. Density curves at the 1418 

periphery of the trajectory diagram represents the distribution of all samples 1419 

according to δ
13

C (x) and δ
15

N (y), and capture (green=release; red=departure).The 1420 

dashed line separates piscivorous from zooplanktivorous individuals 1421 

[zooplanktivorous (δ
15

N < 10 ‰) vs piscivorous (δ
15

N > 10 ‰)]. Data from 1422 

Cucherousset et al. (2013). 1423 

 1424 

Figure 6: Angle α trajectory roses for each lizard life stage/sex categories within each 1425 

block of enclosures (warming between present day and warm treatments). Angles α 1426 

were calculated in 2D Ωδ space (δ
13

Ccor and δ
15

Ncor). Bars size represents the net 1427 

change for each enclosure block (colors) and each life stage/sex (A.: adult females; 1428 

B.: adult males; C.: juvenile females; D.: juvenile males). Data from Bestion et al. 1429 

(2019). 1430 

 1431 

Figure 7: Structural and functional trajectories at impacted (green) and pristine (blue) 1432 

beaches. A. Trajectory diagram in ΩƔ space. Only two dimensions are shown, 1433 

representing 92% of the total variance. Solid lines ending with an arrow represent 1434 

segment lengths and dotted arrows net changes. B. to E. Bar plots represent shift in 1435 

value of five structural and functional indices: isotopic functional richness (IFRic), 1436 

evenness (IFEve), divergence (IDFiv), and mean distance to nearest neighbour 1437 
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(MNN) and centroid (MDC). Bar plots panels show changes in indices values 1438 

between May and November (B.) and for all pairs of consecutives periods (C.: May to 1439 

July, D.: July to September, E. September to November). Data from Quillien et al. 1440 

(2016). 1441 

 1442 

Figure 8: Trajectory diagram of food web centroids and basal sources at impacted and 1443 

pristine beach. Panels represent specific trajectories for food web centroid, particular 1444 

organic matter (POM), sedimentary organic matter (SOM), and Ulva spp. Size of dots 1445 

corresponds to net changes, arrows to trajectory path, and colors to beach (GT: green, 1446 

No_GT, blue). Data from Quillien et al. (2016). 1447 

 1448 

Figure 9: Structural trajectories of fish communities in six gravel pit lakes. A. 1449 

Trajectory diagram in ΩƔ space. Only two dimensions are displayed, representing 1450 

80.3% of the total variance. Bar plots represent shift in value of four structural 1451 

indices: isotopic functional richness (IFRic), evenness (IFEve), δ
13

C and δ
15

N ranges. 1452 

B. Bar plots panels decline changes in indices values. C. Structural trajectory map: 1453 

Net changes (Nc) are represented with green circles between 2014 and 2018. Bottom 1454 

triangles represent S1 (2014 to 2016) and top ones S2 (2016 to 2018). The size of the 1455 

symbols corresponds to segment lengths. For triangles, colors are used to distinguish 1456 

recovering (black) from departing trajectories (grey). 1457 

 1458 

Figure 10: Isoscape trajectory maps in the Northeast Pacific for the periods 2013-2015 1459 

and 2015-2017. SITA metrics were mapped to illustrates stable isotope spatio-1460 

temporal dynamics. Direction of arrows (angle α) illustrate direction in the modelled 1461 

2D Ωδ space according to increase and/or decrease in δ
13

C and δ
15

N values (0-90°: + 1462 
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δ
13

C and + δ
15

N; 90-180°: + δ
13

C and - δ
15

N; 90-180°: + δ
13

C and - δ
15

N; 180-270°: + 1463 

δ
13

C and - δ
15

N). Length of arrows and colored background rasters illustrate modelled 1464 

trajectory segment length at each station. Data from Espinasse et al. (2020). 1465 

 1466 

Figure 11: Trajectory heatmap. Heatmap panel: Angles α in the modelled 2D Ωδ 1467 

space exhibited by all stations within all pairs of dates (1998-1999,…,2016-2017) are 1468 

represented by range of direction (15°) according to period. Color gradient from dark 1469 

blue to yellow indicate the number of stations exhibited by a given range of direction 1470 

within a given period. X barplot: Sum of segment lengths across stations and times, 1471 

exhibiting the chosen angle. The blue gradient indicates the net change magnitude.  Y 1472 

barplot: Overall net changes according to range of directions (angle α). Bars are 1473 

colored according to increase and/or decrease in δ
13

C and δ
15

N values (Pink: 0-90°: + 1474 

δ
13

C and + δ
15

N ; Blue: 90-180°: + δ
13

C and - δ
15

N; Red: 90-180°: + δ
13

C and - δ
15

N; 1475 

Green: 180-270°: + δ
13

C and - δ
15

N). Data from Espinasse et al. (2020). 1476 
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