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Abstract: Walther’s law, a fundamental principle in geoscience, predicts that laterally adjacent 15 

depositional environments become preserved as a vertical succession of layers (facies). As an 16 

expression of uniformitarianism, this law underpins interpretations of Earth’s history, yet it has not 17 

been quantitatively tested. We test this law and examine its limitations by quantifying multidecadal 18 

changes in environmental heterogeneity (1945-2019) in the Bahamas and extrapolating them to 19 

millennial timescales using forward modelling. Virtual stratigraphic successions predicted by 20 

Walther’s law contain substantially greater heterogeneity than observed in sediment cores. This 21 

discrepancy arises because small and short-lived environment patches undergo rapid turnover and fail 22 

to accumulate sufficient sediment for preservation. Our work establishes a quantitative framework for 23 

defining preservation thresholds and demonstrates that stratigraphy functions as a low-pass filter on 24 

environmental variability, selectively preserving low spatial- and temporal-frequency environmental 25 

signals. These findings fundamentally constrain how environmental change can be reconstructed from 26 

the sedimentary record. 27 
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Introduction 29 

Sedimentary rocks provide the primary archives of Earth’s environmental and evolutionary history, 30 

but we lack a quantitative understanding of how they record environmental and ecological variability. 31 

Walther’s law provides a qualitative framework linking space to geological time (represented by 32 

stratigraphy). This law posits that laterally adjacent depositional environments become vertically 33 

stacked in the stratigraphic record, provided migrating environmental patches and sufficient time for 34 

sediment accumulation. This law has been applied extensively to reconstruct subsurface geobody 35 

distributions (1), paleo-environments, as well as past ecosystems (2-4). Walther’s law is an expression 36 

of uniformitarianism, an approach assuming that processes observed on the Earth’s surface today have 37 

applied in its past. It  predicts that dynamic spatial heterogeneity will be preserved as stratigraphically 38 

complex successions (5-7). However, Walther’s law and its underlying uniformitarian approach have 39 

not been tested through direct observations or experiments, because quantitative data on spatial 40 

heterogeneity in modern depositional systems is hardly available over timescales relevant to the 41 

formation of stratigraphic records. 42 

In-situ ecological and environmental monitoring typically spans months to a few years, with a median 43 

observational duration of only 10 months (8), whereas only a handful of studies have reached decadal 44 

timescales through the use of multi-proxy archives (9, 10). In contrast, geological reconstructions of 45 

environmental change integrate signals over millennial or longer timescales and are subject to time 46 

averaging and large uncertainties. As a result, observations at multidecadal timescales remain rare, 47 

leaving a critical observational gap between modern ecological dynamics and the processes that 48 

ultimately generate stratigraphy. The multidecadal timescale represents the essential transition 49 

between the transient behavior of environmental patches and the stratigraphic signals preserved in the 50 

rock record (11), enabling the study of how the spatial heterogeneity observed in modern carbonate 51 

systems is retained or lost in stratigraphy.  52 

Given their highly heterogeneous and dynamic nature, shallow-marine carbonate platforms are a 53 

natural laboratory for testing Walther’s law. Tropical carbonate platforms are ecosystems composed of 54 

a range of shallow-marine benthic habitats, including coral reefs, seagrass meadows, tidal flats and 55 

channels. These habitats are spatially heterogeneous and dynamically evolving, reflecting their 56 

sensitivity to external drivers such as climate, sea level, storms, and hydrodynamics, as well as 57 

internal biotic interactions including competition, facilitation, and dispersal (12-14). Habitat 58 

heterogeneity is interesting from both ecological and geological perspectives. For ecologists, habitat 59 

distribution and its temporal evolution underpin biodiversity (15, 16) and ecological stability (17). For 60 

geologists, carbonate producers are typically associated with specific habitats (18), such that habitat 61 

shifts influence carbonate production rates and composition, thus directly affecting the formation of 62 



distinct types of sediments and organism remains, collectively termed “facies” (19, 20). Determining 63 

how these habitats change through time can help us bridge short-term processes and long-term 64 

geological histories. 65 

In this study, we quantify how environmental heterogeneity is transferred from modern depositional 66 

environments into the geological record by reconstructing changes in benthic shallow-water habitat 67 

distributions in the Bahamas between 1945 and 2019 using vintage aerial photos and modern satellite 68 

imagery in the Bahamas. We focus on the North Abacos and the Joulters Cays, two areas with 69 

contrasting depositional and hydrodynamic regimes, and quantify changes in spatial heterogeneity and 70 

habitat patch characteristics over multidecadal timescales in both regions. We combine (1) habitat 71 

distribution changes between 1945 and 2019, (2) sediment cores accumulated over multiple millennia, 72 

and (3) forward stratigraphic modeling, which translates spatial ecological dynamics into vertical 73 

facies successions through the application of Walther’s law. By comparing the three datasets, we 74 

examine how spatial heterogeneity would be preserved under an explicit application of Walther’s law. 75 

We show that the geological record systematically underrepresents short-lived and small-scale 76 

environmental variation, because rapid environmental turnover prevents sediment accumulation that is 77 

sufficient for preservation. We propose a framework for quantifying the threshold that an 78 

environmental patch must clear in order to become preserved in the sedimentary record. Our results 79 

demonstrate that stratigraphy acts as a low-pass filter on environmental variability, preferentially 80 

preserving environmental signals that exceed thresholds in temporal persistence and spatial extent. 81 

Our findings establish quantitative framework to set limits on the preservation of environmental 82 

heterogeneity and provide a mechanistic link between ecological dynamics and the formation of the 83 

stratigraphic record. 84 

Geographic background 85 

We chose two well-studied areas from the Bahamas for this study: the Joulters Cays on the Great 86 

Bahama Bank and the North Abacos on the Little Bahama Bank (Figure 1). Both areas host similar 87 

shallow-marine habitats, but differ in their hydrodynamic and depositional settings, allowing an 88 

assessment of habitat dynamics under contrasting environmental conditions.  89 

The Joulters Cays are a crest of islands formed from ooid shoals located in North Andros on the Great 90 

Bahama Bank that emerged above the sea level in the last 5000 years and has been used as an 91 

analogue for carbonate shoal studies for decades (21) (Figure 1). This region represents a tide-92 

dominated carbonate system (22), located within an over-filled platform interior (23). The area is 93 

characterized by extensive ooid sand shoals, tidal channels (E-W direction), and adjacent 94 

hardgrounds, with hydrodynamics primarily controlled by tidal currents and, to a lesser extent, winds 95 

(easterly) and hurricanes (24).  96 

The North Abacos region is situated along the northeastern margin of the Little Bahama Bank and is 97 

open to the Atlantic Ocean, resulting in a mixed wave- and tide-dominated regime (25). Fringing reefs 98 

and barrier islands create an elongated lagoon landward of the platform margin, within which seagrass 99 

meadows, sand flats and tidal deltas are developed (26). The dominant wind direction is NE to E and 100 

tide direction is NE-SE (27, 28). Compared to the Joulters Cays, the North Abacos experience higher 101 

wave energy and more frequent hurricane impacts, leading to different patterns of sediment 102 

redistribution and habitat change (29). 103 



 104 



Figure 1. A: The satellite image of the Bahamas. B: The North Abacos area. C: The Joulters Cays 105 

area. (Copernicus Sentinel data [2025]). D: Example of a digitized vintage photo (BAH-24-128) from 106 

the Joulters Cays with interpreted habitat annotations. Images are stored in supplementary Data S1. 107 

 108 

Materials and Methods 109 

Materials 110 

Vintage aerial photographs 111 

To compare the decadal-scale habitat transformation, we used aerial photographs acquired in 1945 and 112 

stored at RSMAS (Rosenstiel School of Marine, Atmospheric, and Earth Science), University of 113 

Miami. These photos were taken using analogue cameras by on-board staff on aircraft and were 114 

acquired in the pre-GPS era and, therefore, lack detailed positional metadata. More information about 115 

the history of the photographs is provided in previous work (30).  116 

The films were developed into 6 in × 6 in grayscale photographs and subsequently scanned with a 117 

Canon® CANOSCAN digital scanner at 600 dpi, resulting in an effective spatial resolution of 118 

approximately ≤1 m, which is sufficient to resolve benthic features such as patch reefs, seagrass 119 

meadows, and sand bodies. This dataset represents one of the earliest spatially extensive records of 120 

habitat distribution available for the study areas. The digitized vintage photographs are provided in the 121 

supplementary Data S1.  122 

Modern satellite imagery 123 

Modern satellite images were obtained from two sources. The Joulters Cays area was analyzed using 124 

SPOT-6 satellite images, whereas the North Abacos region was analyzed using Sentinel-2 imagery. 125 

These datasets provide multispectral coverage suitable for distinguishing shallow-marine benthic 126 

habitats.  127 

For the North Abacos region, habitat interpretation was validated against an existing benthic facies 128 

map published by the Caribbean Natural Conservatory (31, 32). Where available, these interpretations 129 

were further supported by in-situ sample data.  130 

Method 131 

Processing and Classification 132 

Classification (definition of habitats) 133 

To reduce classification uncertainty, we restrict the analysis to seven broadly defined habitat classes, 134 

rather than attempting finer-scale subdivision (Table 1). The following habitat classes are used for 135 

surface images: active ooid sand, seagrass meadow, microfilm-cemented sand, macroalgae-cemented 136 

sand, hardground, patch reefs, and island. Additionally, the class “slope” was used for areas which are 137 

too deep for reasonable interpretation. These classes were selected to represent benthic habitats that 138 

are consistently identifiable in both vintage aerial photographs and modern satellite imagery. Not all 139 

classes were present in all areas.  140 

The classes reflect visually distinguishable features in the imagery and are defined based on tone, 141 

texture, geometry, and spatial context. The diagnostic characteristics used for interpretation are 142 

summarized in Table 1. 143 

Table 1. Identification criteria for benthic habitats in vintage images and modern satellite images. 144 

Habitat name Features 

Active ooid sand High brightness, smooth texture 



Seagrass meadow 
Dark region filled with small circles with rough 

and not sharp edges 

Microfilm-cemented sand 
Intermediate brightness, located in lee side of 

the ooid active sand 

Macroalgae-cemented sand  
Intermediate brightness, enclosed geometry, 

located relatively deep 

Hardground 
Intermediate brightness, smooth texture, located 

in the deeper part of the region 

Reef Small enclosed geometry, relatively dark 

Island 

enclosed shapes bounded by bright ribbon 

(beach) and filled with dark points (trees), above 

sea level 

 145 

Examples of five habitat classes are shown in Figure 1D. Because ground-truth data are not available 146 

for 1945, habitat interpretation for the vintage imagery relies on visual criteria and comparison with 147 

modern datasets.  148 

Assembling composite images 149 

The digitized vintage photographs were assembled into composite images using Agisoft Metashape®. 150 

This software identifies common features among individual overlapping photographs and constructs a 151 

composite image. An overlap of ~50% between adjacent photographs is required for successful 152 

assembly. More information on the processing workflow and parameter settings are provided in the 153 

supplementary text.  154 

The assembled composite images were exported in the TIFF format for subsequent analysis (the JPG 155 

version is provided in supplementary Data S2). Two limitations of this approach should be noted. 156 

First, the assembled photo loses a certain amount of coverage compared to the coverage provided by 157 

the original photos because areas with insufficient overlap cannot be reconstructed. Second, variations 158 

in exposure among individual photographs may cause localized shifts in brightness and contrast in the 159 

composite images. 160 

Georeferencing 161 

After assembling the composite images, they were georeferenced in ESRI ArcGIS®. This was 162 

achieved by manually selecting referencing points to align the vintage composite images with a 163 

modern basemap. Reference points were chosen on stable features that were unlikely to have migrated 164 

over the last decades, such as buildings and large coral reef structures. Features prone to temporal 165 

change, including seagrass patches, island shorelines, sand dunes, and other mobile sedimentary 166 

structures, were avoided during point selection. The locations and distribution of the selected 167 

reference points are reported in the supplementary Data S3.  168 

Object-based classification approach 169 

The georeferenced images were exported to Trimble eCognition® for object-based classification. An 170 

object-based approach was selected to incorporate spatial and geometric information into habitat 171 

delineation, rather than relying solely on pixel-based classification (33, 34). This approach is 172 

commonly used in remote sensing studies of benthic habitats and sedimentary systems. 173 

Image segmentation was performed using the ‘multi-resolution’ segmentation algorithm implemented 174 

in eCognition®. Segmentation parameters were chosen to produce objects larger than the native image 175 



resolution, allowing consistent comparison between datasets of differing spatial resolution. For each 176 

habitat class, at least 15 spatially distributed training samples were chosen. Habitat classification was 177 

then carried out using machine-learning algorithms to assign class labels to image objects based on 178 

their spectral and textural attributes. 179 

The segmentation scale parameter was selected to yield a final effective map resolution of 180 

approximately 6-7 m (supplementary text). This choice ensured that habitat maps derived from 181 

vintage aerial photographs and modern satellite imagery were directly comparable. Details of the 182 

classification algorithms, attributes, and parameter settings are described in the supplementary 183 

materials. 184 

The classification results were subsequently exported to ArcGIS® for final manual refinement. This 185 

step was used to correct obvious misclassifications and ensure spatial consistency among habitat 186 

classes, as no automated classification algorithm achieves 100% accuracy. The interpreted shape files 187 

are stored in supplementary Data S4. 188 

Quantification of habitat patch heterogeneity  189 

To quantify changes in habitat spatial structure over the last 8 decades, we applied a set of commonly 190 

used metrics to characterize the spatial properties of habitat patches (14, 35-37), based on area and 191 

perimeter of individual patches (original data of patch size and perimeter of each patch are stored in 192 

supplementary S5). Specifically, we calculated the Largest Patch Index (LPI), Number of Patches 193 

(NP), Mean Patch Area (MPA), and Edge Density (ED, defined as total patch edge length normalized 194 

by area). These metrics capture complementary aspects of patch size, abundance, and shape and are 195 

widely applied in landscape and seascape analyses. 196 

In addition, Spatial Entropy (SE) was calculated to quantify the overall spatial heterogeneity of each 197 

habitat map (38), independent of individual habitat classes. SE provides a single measure of map-level 198 

heterogeneity and allows comparison between time slices and study areas. Detailed definitions and 199 

calculation procedures for all metrics are provided in the supplementary text.   200 

Together, these metrics were selected to characterize changes in habitat patch structure through time 201 

in a consistent and reproducible manner, without introducing assumptions about the underlying 202 

ecological or sedimentological processes.  203 

Patch tracking and migration data analysis 204 

To quantify habitat patch migration rates and directions, habitat patch aggregates were tracked 205 

between the 1945 and 2019 habitat maps by using the R package plantTracker (39). Herein, by setting 206 

a buffer zone, the package is actually tracking patch aggregates that include multiple spatially very 207 

close individual patches. Each patch aggregate was assigned a unique identifier and compared across 208 

time slices using spatial overlap criteria.  209 

Patches were considered to represent the same feature if they exhibited overlapping areas between 210 

time slices. Tracked patches were exported as GeoJSON files, from which migration distances and 211 

directions were calculated based on changes in patch centroid positions. Migration rates therefore 212 

represent net displacement over the 80-year interval, rather than continuous movement through time. 213 

The overall workflow is illustrated in Figure 3.  214 

Because patch tracking requires spatial overlap between time slices, large and persistent habitat 215 

patches were more readily tracked than small or short-lived patches. Consequently, migration analyses 216 

focus primarily on larger patches for which reliable tracking was possible. This limitation partly 217 

reflects the transient nature of small habitat patches rather than a methodological bias and is 218 

considered further in the Discussion. 219 



 220 

Figure 2. Workflow to process shapefiles from ArcGIS to calculate migration rates and directions of 221 

patches, as well as generating cloud points of selected patches. The tracking results (migration of 222 

patch centroids) are stored in supplementary Data S6. 223 

Sedimentary cores 224 

Sedimentary cores provide empirical constraints on sediments stacking in both the Joulters Cays and 225 

the North Abacos region at geological timescales (Figure 4). Of 60 available sedimentary cores at the 226 

Joulters Cays, five cores located along the shoal were selected for comparison (40), as they span 227 

representative positions across the depositional system. The cores were interpreted based on visual 228 

descriptions. The resolution of stratigraphic interpretation is unknown, but we estimate it to be around 229 

5 cm based on the thinnest units reported (41). The thinnest facies unit is approximately 9-10 cm 230 

thick. Two cores from the North Abacos are selected from a total of 6 marine sediment cores (42, 43). 231 

Although they are located at the edge of the study area, they still provide the main sedimentological 232 

features of this region. Core ‘TW’ and core ‘CR’ are located at the lee- and wind- side of the coral 233 

barrier, respectively, representing contrasting hydrodynamical settings. These cores are situated near 234 

boundaries between island, microfilm-cemented-sand, active ooid sand, and seagrass meadow 235 

habitats, and therefore capture variability across key facies transitions (Figure 6). 236 

 237 

Geological forward modeling (STACKER)  238 

Direct comparison between 2D spatial heterogeneity in habitat maps with 1D stratigraphic 239 

heterogeneity recorded in sediment cores is challenging. To bridge this dimensional gap, we use the 240 

carbonate forward model STACKER (44) attempting implementing Walther’s law by converting 241 

lateral habitat migration (patch dynamic patterns) and 2D habitat distribution data into vertical facies 242 

stacking. Walther’s law has been formulated in a general form and applying it in a forward model 243 

requires making assumptions on the accumulation and migration rates of facies covered by this law. 244 

Here we follow the uniformitarian approach exemplified by this law and inform modeling scenarios 245 

by patch parameters and sediment accumulation rates derived from modern observations. The impact 246 

of these assumptions is examined through sensitivity tests, listed in the Supplementary Text. Although 247 

multiple forward models exist (45, 46), STACKER was selected herein for its conceptual simplicity 248 

and suitability for translating mapped habitat migration into stratigraphic architecture. 249 



Each habitat class in the model deposits a distinct facies. For each facies, we assume production rates 250 

derived from the literature (Table 2, Supplementary text) (18). A single model run can have multiple 251 

patches of the same facies, with different shapes, sizes, and migration trajectories derived from patch 252 

tracking analysis (Supplementary DataS6). The model additionally requires initial topography (see 253 

supplementary Data S7). At each 80-year timestep (for 100 steps, in total 8 kyr), strata accumulate 254 

vertically according to assigned production rates within habitat patches migrating laterally with rates 255 

and directions specified in one of the test scenarios. Values used in all scenarios follow the 256 

uniformitarian approach and are derived from observations of the Joulters Cays. The null scenario 257 

(S0), which we consider to represent empirical processes the best, assumed modern median annual 258 

sediment production values (18). Since model parameters are informed with empirical values, which 259 

themselves show great variability, we conducted a series of sensitivity tests to assess the robustness of 260 

our modeling results with respect to the choice of parameter values. Sensitivity tests included: S1) the 261 

effect of lowering the resolution of detected bed thickness to 5 and 10 cm, S2) using maximum 262 

production rates reported for each facies, S3) patch migration rate lowered ten times, S4) patch 263 

migration rate and direction depend on the steepest topographic gradient (details in the Supplementary 264 

Table S7).  265 

Modelling is limited to the five largest tracked patch aggregates for ooid sand, seagrass meadow, 266 

macroalgae, microfilm-cemented sand, and reef, because reliable migration rates could not be derived 267 

for smaller and more transient patches (see patch tracking section). However, modelling analysis 268 

demonstrates that this does not cause an unrealistic decrease in spatial heterogeneity (Supplementary 269 

text). 270 

STACKER does not model erosion, transport, or post-depositional bioturbation or diagenetic 271 

modification. The modelled stratigraphic heterogeneity is therefore a simple consequence of observed 272 

habitat migration and accumulation rates. Cross-sections (Supplementary text, Fig. S9) and virtual 273 

cores extracted from the modeled carbonate platform were compared with observed sediment cores. 274 

Because STACKER operates on habitat patches rather than lithologies, modeled facies were 275 

converted to observed sedimentary facies using the depositional framework of Harris (40) (Table 2).  276 

Table 2. Conversion matrix between habitat classes, facies classes and production rates for facies 277 

Depositional 

Environment 

(Harris 1979) 

Description (Harris 1979) Habitat Facies 
Production 

rate 

Mobile Fringe 
Well sorted, medium-sized 

ooid grain, <1% mud 

Active ooid 

sand 

(Ooidal) 

grainstone 
160 m/Myr 

Inner Shelf 

Seagrass biota, medium 

sorting, medium-sized 

ooid/peloid sand grains, <1% 

mud, 7% skeletal grains 

Seagrass 

meadow 

Ooidal 

packstone 
200 m/Myr 

Outer Shelf 

Abundant corals, poor 

sorting, very coarse skeletal 

grains, <2% mud 

Reef 
Skeletal 

grainstone 
600 m/Myr 

Inner Shelf 

Green/brown algae, medium 

sorting, medium-sized 

ooid/peloid sand grains, <1% 

mud, 7% skeleton 

Macroalgae-

cemented sand 

Ooidal 

packstone 
190 m/Myr 

Sand Flat 
Medium sorting, medium-

sized ooid/peloid sand 

Microfilm-

cemented sand 
Packstone 40 m/Myr 



grains, >5% mud, 25% 

skeletal grains 
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  279 



Results 280 

Key patterns in the habitat distribution maps 281 

The Joulters Cays 282 

This area was dominated by hardground and (patch) reefs in the eastern, deeper part of the region 283 

(Figure 3), whereas active ooid sand and islands were situated in the western, shallower part. The 284 

proportions of each habitat in vintage and modern images are visualized in Figure 3. Collectively, 285 

active ooid sand (vintage: 43.2%, modern: 32.5%), seagrass meadow (vintage: 22.5%, modern: 286 

35.3%), and hardground (vintage: 19.3%, modern: 11.3%), covered ~80% of the area of the region. 287 

The median sizes of seagrass meadow, reef and macroalgae-cemented sand polygons were ~3000, 288 

530, 7700 m2 in vintage images and ~900, 420, 1550 m2 in modern images, respectively. They are 289 

small compared to the total area (e.g., total seagrass meadow area exceeds 3 × 107 m2). It is 290 

noteworthy that despite a rising body of literature using similar remote sensing approach suggested 291 

shrinkage of islands area under sea-level rising context (47), the islands of the Joulters Cays expanded 292 

by 30% in the last eight decades. 293 

The major changes in habitat distribution is visualized in Figure 3C. The seagrass meadow and 294 

microfilm-cemented sand gained ~1.065 × 107 m2 and ~1.8 × 106 m2 from active ooid sand, 295 

respectively. The increasing area of seagrass meadows and microfilm-cemented sand, along with 296 

growing islands (net increase by ~2.2 × 106 m2), indicates the active ooid sand has been gradually 297 

stabilized in the past 8 decades. In addition, hardground has been substantially replaced by seagrass 298 

meadow. The increase in seagrass meadow area is mainly the result of expansion of the existing 299 

seagrass meadow patches (Figure 3): the seagrass grows both towards the onshore (sand shoals) and 300 

offshore directions (hardground). During the expansion processes, smaller patches that previously 301 

occupied the inter-dune areas became more connected. Similarly, the growth of island area is also 302 

mainly achieved by expansion of existing islands. 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 



 312 



Figure 3. Interpretation of benthic habitat distribution at the Joulters Cays. A: vintage Vintage (1945) 313 

and B: Modern (2019). The cross (black line and orange filling) represents five cores taken for 314 

comparison (40). Their labels are: "core_78_3_7", "core_78_10_18", "core_78_10_13", 315 

"core_78_10_48", "core_2_43", from North to South, respectively. Data is stored in supplementary 316 

Data S4. C: Changes in habitat distribution at the Joulters Cays between 1945 and 2019. The base 317 

map is from Esri, Tomtom, Garmin, NOAA and USGS. 318 

 319 

Figure 4. A: Area of each habitat at the Joulters Cays. Small panels indicate proportion of each facies 320 

in and in 2019. B: Area of each habitat at the North Abacos. Small panels indicate proportion of each 321 

facies in and in 2019. In the pie chart, the area of each slice indicates the proportion of each habitat. 322 

Small panels indicate proportion of each facies in and in 2019. Seagrass, microfilm, macroalgae and 323 



sand indicate seagrass meadow, microfilm-cemented-sand, macroalgae-cemented-sand, and active 324 

ooid sand, respectively. Raw data of this figure is stored in supplementary S5. 325 

The North Abacos 326 

The North Abacos region was dominated by seagrass meadows (vintage: 43.7%, modern: 37.3%) and 327 

active sand (vintage: 29.6%, modern: 37.1%) (Figure 4). Other habitats present included islands, 328 

hardground and patch reefs. The major change in this region was nearly opposite to that at the Joulters 329 

Cays: seagrass meadows (decrease by ~15%) and hardgrounds (decrease by ~30%) were replaced by 330 

active sand. The median sizes of reef patches and seagrass meadows were 212 and 143 m2 in vintage 331 

image, and 3052 and 1127 m2 in modern image, respectively.  332 

 333 

Figure 5. Interpretation of benthic habitat distribution at the North Abacos. A: Vintage (1945) and B: 334 

Modern. Two crosses represent the locations of two cores obtained from previous work (42, 43): ‘TW’ 335 

– south core, ‘CR’ – north core. Raw data of this figure is stored in supplementary dataset S4. C: 336 



Changes in habitat distribution in the North Abacos between 1945 and 2019. Base maps are from Esri, 337 

Tomtom, Garmin, NOAA and USGS. 338 

The top five changes (in terms of area) in the last 80 years are visualized in Figure 5. Here a 339 

completely different story from the Joulters Cays has been observed: we see significant decline in 340 

seagrass meadows and hardground areas, and expansion of active ooid sandbars over the last 8 341 

decades. The change map (Figure 5C) indicates that the replacement of seagrass by active ooid sands 342 

mainly occurs at the boundaries between seagrass and active ooid sand (i.e., sands expansion), or 343 

seagrass patches that were embedded in the active ooid sand. Similarly to the Joulters Cays, the 344 

hardground patches have shrunk. 345 

Spatial distribution patterns of habitat patches 346 

The overall SE decreased from 0.054 to 0.038 in the last 8 decades in the Joulters Cays, suggesting a 347 

slight decrease in spatial habitat heterogeneity.  348 

Given that seagrass meadows are important habitats in shallow marine ecosystems (48) and cover 349 

today over 30% of the total area in both Jolters Cays and the North Abacos, we use the seagrass 350 

meadow habitat as a case study to show spatial distribution patterns in more detail. The sizes of 351 

individual seagrass patches in both areas are summarized in Figure 6. In the study area of seagrass 352 

expansion, the Joulters Cays, the distribution of the log-transformed patch area is normal in both time 353 

slices. Between 1945 and 2019, smaller patches with sizes between 50 and 10000 m2 become more 354 

abundant. In contrast, in the area experiencing shrinking of seagrass meadows, the North Abacos, the 355 

distribution changes from log-normal to bimodal.  356 



 357 

Figure 6. Distribution of Log10(seagrass meadow patch area) in A: The Joulters Cays; B: The North 358 

Abacos; and distribution of EDi (units: (1/m)) in C: The Joulters Cays; D: The North Abacos; Raw 359 

data of this figure is stored in Supplementary Data S5. 360 

Table 3. Spatial heterogeneity metrics of seagrass meadow habitat patches. 361 

Metric (unit) 1945 2019 

 
The Joulters 

Cays 

The North 

Abacos 

The Joulters 

Cays 

The North 

Abacos 

LPI (%) 49 93 59 83 

MPA (m2) 4066 232 1285 1876 

NP 320 2400 425 649 

ED (1/m) 0.0371 0.0086 0.0127 0.0132 

SE 0.054 0.0559 0.038 0.0049 

 362 



The NP (number of patches) of seagrass meadow patches increased by 30% (320 to 425) at the 363 

Joulters Cays, along with the increase in the total area occupied by this habitat (Figure 6). In contrast, 364 

the mean (MPA) patch area decreased by 60%. At the North Abacos, as the total coverage by seagrass 365 

meadow decreased, the NP decreased from 2400 to 649, and the MPA slightly. The Edge Density 366 

(ED) at the Joulters Cays decreased from 0.0371 to 0.0127, while the values for the North Abacos 367 

increased from 0.0086 to 0.0132. The Largest Patch Index (LPI) at the Joulters Cays increased from 368 

49% to 59%, while in the North Abacos decreased from 93% to 83%. 369 

In the seagrass meadow expansion area (the Joulters Cays), the median of the EDi decreased from 370 

0.218 to just below 0.188 (Figure 6). In the shrinking area (the North Abacos), the median of EDi 371 

from 0.388 to 0.117. Such a decrease is driven by the decrease in the number of patches with high 372 

EDi, and an increase in the number of patches with EDi around 0.1. In both areas, there is thus a shift 373 

towards more compact patches, with lower edge-effects, and the shift is much more pronounced at the 374 

North Abacos. 375 

Tracking of patches and migration calculations 376 

The parameters used in the PlantTracker package are stored in the supplementary text. Tracking 377 

shows that the patch aggregates contain not only large patches, but also numerous attached smaller 378 

patches. There are 13 ooid active sand patch aggregates, 20 patches of seagrass meadow, 6 of 379 

macroalgae-cemented sand, 11 of microfilm-cemented sand, and 49 of reefs. The detailed tracking 380 

results are listed in the supplementary text and Data S3-S8. Overall, all large patch aggregates can be 381 

identified across the time slices. However, as tracking requires an overlap between vintage and 382 

modern patches, plantTracker cannot track most of the smaller isolated patches.  383 

The migration rates for ooid active sands and seagrass meadow patch aggregates are 6 to 640 m (mean 384 

= 210 m, n =13) m and 20 to 630 m (mean = 220 m, n =20) per 80 years, respectively. Macroalgae- 385 

and microfilm-cemented-sand habitat patches also migrated by ~220 m on average over the same 386 

interval (Figure S8, Supplementary Data S6). The migration rates for reefs are low: less than 20 m on 387 

average per 80 years. This value may indicate the uncertainties associated with the identification of 388 

this habitat or may reflect low dispersal rate and competition levels. 389 

Forward simulation and validation with sediment cores  390 

Three facies were detected in the sedimentary cores from the Joulters Cays and the North Abacos: 391 

(ooidal) grainstone, ooidal packstone, and packstone. These facies form few thick units (0.1 to 3 m 392 

thick). The cores show limited facies alternations (from 0 to 2 times), except for core_78_3_18 (6 393 

times). Facies units in the cores never reach thicknesses lower than 10 cm (40). The timespan that the 394 

cores represent is unknown, as no age information is provided. However, nearby cores on the sandflat 395 

suggest the sediments are of Holocene age (<12 kyr old).  396 

A cross-section produced by the STACKER model run based on the default (S0) scenario of patch 397 

migration distributions from the Joulters Cays is shown in Figure S12. From the cross-section, three 398 

virtual cores were selected at 25%, 50% and 75% of its length, because their locations correspond 399 

approximately to those of the three chosen sediment cores (core_78_3_7, core_78_10_13, 400 

core_2_43). The total thickness of the cores is approximately 1 m (Figure 7C), which is comparable to 401 

the sediment cores recovered from the Joulters Cays (0.49 to 5.47 m) (21, 40). Given that the 402 

modeling timespan is 8 kyr, the net sediment accumulation rate is thus less than 0.125 mm/yr (Figure 403 

7C) and such value is within the accumulation rate range for tropical producers reported by Schlager 404 

(49). This rate is comparable to the sea-level change rate at kyr-scale, allowing the facies to migrate to 405 

the niche (i.e., water depth) according to the sea-level change. In these virtual cores, the ooid 406 

grainstone formed thick units and were punctuated by repeated thin units of ooidal packstone. 407 

Therefore, the sediment cores have substantially thicker facies units and less frequent facies 408 

alternations than the virtual cores. 409 



 410 



Figure 7. Facies distribution in A) Sediment cores at the Joulters Cays, redrawn from Harris (40); B) 411 

Sediment cores at Treasure Cays, the North Abacos, redrawn from Locker (42) and Mullen (43); C) 412 

Modelling results from the null scenario (S0); data behind panel C is stored in supplementary Data S7 413 

(S0).  414 

To emulate the observational resolution of sedimentary cores, we smoothed the virtual cores with a 5 415 

and 10 cm window (Figure S12A-B). The heterogeneity of the cores has decreased, but multiple 416 

facies alternations are still present, despite shorter core thickness than the sedimentary cores. 417 

Discussion 418 

Shallow-marine carbonate habitats in the Bahamas are strikingly dynamic at decadal timescales, yet 419 

the stratigraphic record they produce is remarkably homogenous.  420 

Comparing spatial heterogeneities with stratigraphic heterogeneities 421 

Walther's law (45) predicts that the dynamic spatially heterogeneous habitat mosaic documented here 422 

should translate directly into a stratigraphically complex succession of frequently alternating facies 423 

(14). The spatial habitat distributions at both sites are dynamic and heterogeneous, comprising at least 424 

5 habitat types and over 1000 individual patches (Figures 3, 5). In contrast, the stratigraphic records 425 

from the Joulters Cays and the North Abacos are markedly simple and are characterized by few (in 426 

average fewer than 3 per core) facies units (Figure 7). (Ooidal) packstone and ooid grainstone are the 427 

dominant facies in the cores. This homogeneity is consistent across datasets: among 60 cores from the 428 

Joulters Cays, 55 contain fewer than three facies alternations. Therefore, spatial heterogeneity of the 429 

modern habitat mosaic is not transferred faithfully into the stratigraphic record and the transition from 430 

spatial habitat variability to vertical facies succession involves a substantial loss of complexity. 431 

Considering the stratigraphic succession as a type of signal, we call this effect a ‘low-pass filter’, 432 

whereby stratigraphy preferentially preserves ‘low-frequency’ signals, while attenuating ‘high-433 

frequency’ variability. 434 

We used STACKER (44), which predicts stratigraphic successions from spatial data, to compare 435 

spatial and stratigraphic data quantitatively. While the modelled cores are of similar thickness as the 436 

cores from both studied areas in the Bahamas, they contain multiple thin facies units and frequent 437 

alternations (Figure 7). Thus, the direct application of Walther’s law by using observed dynamics as 438 

modeled by STACKER resulted in more heterogeneous stratigraphy than the empirical sedimentary 439 

cores, demonstrating the reduction of heterogeneity during sedimentation processes.  440 

This loss of heterogeneity cannot be explained by how facies classes were discretized in sedimentary 441 

cores. In both cases, STACKER as well as the real cores, a limited number of classes had been used, 442 

but the granularity of these classes was comparable and followed the standard practice widely used in 443 

the Bahamas and other carbonate systems, representative of the level of complexity used in daily 444 

stratigraphic practice. Thus, the discretization of spatial data and translation of habitat data into facies 445 

cannot be the main mechanism producing the observed complexity reduction.  446 

‘Low-pass-filtering’ effect is present regardless of external forcing 447 

We observed contrasting, complex symbiosis- and competition-like interactions between sand and 448 

seagrass patches in the two regions over multi-decadal timescales, and this is consistent with previous 449 

studies (50). The spatial distribution and dynamics of these habitats are substantially influenced by 450 

local external forcing. The large habitat patches are aggregates of smaller connected habitat patches 451 

(e.g., Figures 3, 5) displaying a ‘belt-like’ distribution. Such a distribution suggests that water depth is 452 

still a crucial factor determining the habitat distribution at the spatial scale of tens of kilometers 453 

examined here, in contrast to previous studies (52). A mapping of seagrass meadow habitat 454 

distribution against water depth (Supplementary text, Figure S13) indicates that seagrass distribution 455 



overlaps with the water depth range between 1 and 3 m, while ooidal sand shoals situated on the 456 

shallower shoals (<1 m), and hardgrounds, on the other hand, are located in deeper regions (>3 m).  457 

Sea level is not the only factor controlling habitat distribution. For example, the expansion of seagrass 458 

meadows into hardgrounds at the Joulters Cays (~8.5 km2) may be related to the thin layers of fine-459 

grained sand deposited on the hardground, caused by hurricanes sweeping carbonate sand onto the 460 

hardground and providing soft bottom for seagrass growth (53). On the other hand, the fringing reefs 461 

at the North Abacos act like a barrier that creates a hydrodynamically quiescent lagoon, and the 462 

migration of thin fine-grained sand sheets only takes place back and forth on the tidal deltas through a 463 

few narrow tidal channels between the barriers (26). The migration of tidal deltas can increase the 464 

local water turbidity and cover the seagrass meadows, leading to their shrinking.  465 

In spite of the disparate local controls at the Joulters Cays and the North Abacos, the heterogeneity 466 

reduction from spatial data to stratigraphic data is observed in both areas. Thus, the ‘low-pass-filter’ 467 

holds across different regions with contrasting settings (e.g., hydrodynamics). 468 

Mechanisms of the ‘low-pass-filter’ 469 

The reduction in heterogeneity in the transition to the stratigraphic record is a compounded effect of 470 

multiple processes. The best studied of them include bioturbation and sediment mixing (54, 55). The 471 

scale of these processes sets a natural limit to the resolution at which a waltherian (i.e. following 472 

Walther’s law) stratigraphic record forms. In spite of sediment mixing, the sedimentary record is not 473 

completely blurred out, it is largely discrete: it consists of individual beds that represent separate 474 

facies. This is particularly prominent in tropical carbonates owing to their rapid cementation. 475 

Transitions between discrete facies units are routinely interpreted according to Walther’s law and such 476 

interpretations form the basis of stratigraphy and paleoenvironmental reconstructions. Here we focus 477 

on understanding the driving mechanisms of the reduction in heterogeneity specifically how the 478 

thinnest facies units are lost in empirical stratigraphic record, resulting in variability loss. For 479 

simplicity, we ignore compaction in our reasoning.  480 

Human observational limits on sedimentary cores 481 

We attribute part of the ‘low-pass-filter’ to the observational resolution in sedimentary cores. 482 

Stratigraphic studies rarely report observational resolution explicitly, and in this work we estimated it 483 

to be ~5 cm. This observational resolution is further affected by mixing processes, which cause 484 

transitions between facies to become gradual (57). As we increased the observational window from 1 485 

cm to 5 cm and 10 cm in the virtual cores, the stratigraphic heterogeneity decreased (e.g., from 31 486 

times facies alternating to 17 and 9 times, respectively, in the 25% virtual core) (Figure S10A, B). 487 

This reduction primarily reflects the loss of thin beds generated by small and/or short-lived patches 488 

(see next section), which amplifies the effectiveness of the ‘low-pass-filter’.  489 

Patch persistence and preservation threshold 490 

Operationalizing Walther’s law in a stratigraphic forward model allowed us to identify patch 491 

properties that determine their fate in the ‘low-pass-filter’, i.e. achieving a minimum thickness 492 

observable in stratigraphy (Equation 1). This equation provides a simple, but useful framework to 493 

determine whether an environmental patch is likely to be preserved in the stratigraphy or not.  494 

For a given migration rate, larger patches enable sustained sediment accumulation at a fixed location 495 

(i.e., longer duration), leading to the formation of thicker facies units (38). For example, assuming a 496 

migration rate of 200 m over 80 years, a large circular patch with a radius of 2000 m would require 497 

approximately 800 years to move by the distance between its centroid and its edge. Assuming a 498 

production rate of 200 m/Myr and applying Equation (1), such a patch would generate ~16 cm of 499 

sediment (assuming accumulation rate equal to production rate in this calculation). In contrast, a small 500 

patch with a radius of 20 m would produce only ~0.16 cm over the same period. This thickness is far 501 

below the minimum thickness of facies units observed in empirical cores (~5 cm) (40). Longer 502 



sedimentation time allows for deposition of thicker facies units, which fall above the observational 503 

threshold (Supplementary text, sensitivity test S4). Furthermore, smaller patches are more likely to be 504 

undersampled in the geological record by sheer chance. 505 

 506 

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 ×  𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (1) 

Patch persistence, in combination with production rate, also contributes to the ‘low-pass-filter’. The 507 

substantial changes in the number of patches (NP) observed over the last 80 years suggest that many 508 

patches persist for less than 80 years (i.e., short duration) (Table 3, Figure 6). By employing equation 509 

1 and assuming a production rate of 200 m/Myr for the seagrass meadow habitat (18), these patches 510 

would generate only 1.6 cm of sediment. This is likewise well below the observational resolution of 5 511 

cm and is therefore unlikely to be resolved (40). A patch with this production rate would need to 512 

persist for at least ~500 years or exhibit unrealistically high production rates (~1250 m/Myr) to be 513 

recorded in sediment cores within 80 years. The low persistence of patches appears in our study to be 514 

driven by the ‘edge-effect’ (EDi ) (58). This is because higher edge-effect increases the susceptibility 515 

to external influences, reducing patch stability. In both study areas, the number of patches with high 516 

EDi has decreased (Figure 6), suggesting that the patches that are more easily influenced by edge-517 

effects are less persistent in both seagrass expansion and shrinking scenarios (56). This result may be 518 

in the future validated using neighbor-based approaches to model the dynamics of habitats at decadal 519 

timescales (e.g., Cellular Automata) (59). 520 

Patch persistence is also strongly linked to patch size (56). Tracking results show that large patches 521 

persist despite morphological changes over decadal timescales (e.g., the Largest Patch Index, LPI, at 522 

the North Abacos decreased from 94% to 83%), whereas small patches frequently appear and 523 

disappear in the eight decades timespan. The proportional change in the patch-size distribution (Figure 524 

S9) further corroborates this observation and suggests a persistence threshold of approximately 10³ m² 525 

over decadal timescales for seagrass meadows. However, defining a threshold relevant to stratigraphic 526 

preservation requires observational windows of at least ~500 years, which are not available in the 527 

present dataset. Threshold values will vary among habitat types. Together, these results demonstrate 528 

that both spatial scale (patch size) and temporal scale (patch persistence) must exceed critical 529 

thresholds for sedimentary signals to be resolved.  530 

The mechanism of the ‘low-pass-filter’ proposed above predicts that ‘low frequency’ signals,(i.e., 531 

habitat patches with larger areas, lower edge-effects (higher compactness) and longer persistence) 532 

have higher chances being recorded in stratigraphy. 533 

Other mechanisms 534 

Additional factors affecting the ‘low-pass-filter’ effect include the following: 1) variations in sediment 535 

production rates and the error in their measurement (60) (Figure S12C), 2) the period of observation 536 

between 1945 and 2019 may not be representative for long-term dynamics and heterogeneity 537 

(STACKER section, Supplementary text, Figure S12D, E) and 3) sediment transport (61, 62). A 538 

simple mass conservation calculation (source-to-sink calculation section, Supplementary text) 539 

suggests that a large fraction of sediment produced within habitats is exported. For example, 90% of 540 

ooid sands produced in active ooid sand habitats may have been transported onto adjacent islands. 541 

This substantial export reduces in situ accumulation, further limiting preservation.  542 

Implications for the preservation potential in the stratigraphic record 543 

Stratigraphic records are inherently incomplete, not only due to depositional hiatuses (63, 64), but also 544 

due to intrinsic ‘signal filtering’. As a result, the geological record represents a smoothed archive of 545 

past environments.  546 



Our findings do not invalidate Walther’s law, but demonstrate its limitations. For example, larger, 547 

persistent patches may still be translated into vertical successions as predicted by the law. However, 548 

smaller, short-lived patches with higher edge-effects are systematically excluded from the 549 

stratigraphic record. This finding has important implications for paleo-environment and paleo-550 

ecological reconstructions based on carbonate depositional systems. Stratigraphic successions likely 551 

systematically underestimate the degree of ecological and environmental variability, as ‘high 552 

frequency’ information and dynamics are not preserved during sediment accumulation. As a result, 553 

reconstructions based solely on vertical facies successions may oversimplify ancient systems, 554 

favoring laterally continuous “belt-like” models over inherently mosaic landscapes (65, 66). Our 555 

findings also reveal an important limitation of uniformitarianism: modern environmental variability is 556 

not preserved uniformly across spatial and temporal scales, requiring scale-dependent interpretation of 557 

geological archives. 558 

The filtering effect also impacts cyclostratigraphy. Cyclic facies alternations are commonly used by 559 

cyclostratigraphers to identify astronomically forced climate cycles. The underlying assumption is that 560 

orbitally driven climate change modulates sea level, causing habitat patches to migrate laterally and 561 

generate cyclically alternating facies in the stratigraphic record (2, 67). If the low-pass filtering effect 562 

described here suppresses the recording of short-lived, small-scale habitat dynamics, the signals that 563 

cyclostratigraphers rely upon may be substantially attenuated or even lost entirely (68). 564 

Summary 565 

We explored if the extreme spatial and temporal complexity of modern carbonate platforms is 566 

reflected in stratigraphy as predicted by Walthers law. We tested this law by combing data from 1) 567 

benthic habitat distributions from vintage aerial photographs (1945) and modern satellite imagery 568 

(2019) in the Bahamas, 2) sedimentary cores in this region and 3) forward stratigraphic models, and 569 

compared the spatial heterogeneity with the stratigraphic heterogeneity.  570 

The two study areas representing different hydrodynamic conditions (the Joulters Cays, the North 571 

Abacos) exhibit contrasting decadal trajectories of habitat distributions, with expansion of seagrass 572 

meadows at the Joulters Cays and contraction at the North Abacos. In both cases habitat patches with 573 

higher edge-effect are less persistent than large patches and undergo frequent appearance, 574 

disappearance, merging, and fragmentation.  575 

To assess how such spatial heterogeneity translates into stratigraphy, we used a carbonate forward 576 

model (STACKER) to generate virtual stratigraphic successions based on observed habitat migration. 577 

When lateral habitat dynamics are translated directly according to Walther’s Law, the model predicts 578 

frequent vertical alternations of facies. In contrast, real sediment cores from the Joulters Cays record 579 

comparatively simple stratigraphic successions dominated by thick, homogeneous facies units.  580 

The mismatch between model predictions and observed sediment cores indicates that stratigraphy 581 

preferentially records signals associated with large, persistent habitats, while short-lived, small-scale 582 

spatial variability is dampened during sediment accumulation. This selective preservation acts as a 583 

stratigraphic low-pass filter, restricting the expression of complex habitat dynamics in vertical facies 584 

successions. As a consequence, the direct application of Walther’s Law becomes increasingly limited, 585 

and this has profound implications for the application of this law and its underlying uniformitarian 586 

approach in reconstructing paleo-environment signals from stratigraphy.  587 
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Supplementary Text 805 

 806 

Materials for interpretation  807 

The assembled photo 808 

The assembled photos from the Joulters Cays and the North Abacos, are stored at Data S3. 809 

 810 

Historical satellite imagery 811 

To study the inter-decadal facies changes, we applied the same facies classification to historical 812 

images: 1) 1984 by Landsat 5 (Landsat 5 image courtesy of the U.S. Geological Survey); 2) a set of 813 

two groups of satellite images taken before and after 2016 hurricane Matthew (Copernicus Sentinel 814 

data [2016]). The resolution of the 1984 image was ~30 m. This timeslice may not allow resolving 815 

small objects (e.g., patch reefs), but it might be useful for increasing confidence level of 816 

interpretations of large objects (e.g., barren sand, seagrass meadows, etc.). For the 2016 satellite 817 

images, we chose satellite images before and after hurricane Matthew (August 2016 and December 818 

2016, respectively), specifically looking at whether the distribution of active ooid sandbars and 819 

seagrasses had changed or not. The images are obtained by the European Space Agency Sentinel 2 820 

satellite with horizontal resolution of 10×10 m. Hurricane Matthew (October 5, 2016) was chosen 821 

because it passed through the Bahamas with category 5 strength and may have had sufficient power to 822 

change the habitat distribution. 823 

Modern digital elevation model of the Bahamas 824 

We obtained the DEM (digital elevation model) of both the Joulters Cays and North Abacos with a 825 

resolution of 10 m (from Tcarta, the link: https://caribgeoportal.maps.arcgis.com/, name: Bathymetry 826 

of Bahamas Lucayan Archipelago). This DEM data is derived from Sentinel-2 satellite images. This 827 

DEM has a resolution 10 times coarser than the resolution of aerial and modern satellite images we 828 

used and therefore could only be used for rough comparison to the vintage image (~1 m resolution). 829 

Applying object-based classification 830 

The assembled photos are fed into eCognition® for object-based classification. 831 

Segmentation 832 

The input assembled photos are segmented into different fields by applying multi-resolution 833 

segmentation algorithm. This is a bottom-up segmentation process that consecutively merges pixels or 834 

existing image objects. The basic parameters used in this method are listed in the following table S1.  835 

Table S4.Parameters for segmentation. 836 

Parameter Value 

Scale 60 

Shape 0.9 

Compactness 0.6 

 837 

Object-based classification 838 

After the photo was segmented, we can choose the examples ready for object-based classification 839 

training according to Figure 2 in the maintext. In this context, we chose SVM (support vector 840 

machine) algorithm to classify the segmented photos. This is because after trying all the embedded 841 

https://caribgeoportal.maps.arcgis.com/


algorithm, the SVM algorithm presents the highest accuracy and requires least time to process in this 842 

context. The parameters needed are presented below: 843 

Table S5. Parameters for object-based classification 844 

Features 
Mean, Brightness, Shape, Roundness, Max 

Differences 

Kernel type Linear 

C 2 

Historic satellite images (1984) 845 

The image is downloaded from USGS EarthExplorer. The resolution of this image is lower than the 846 

vintage photo and the modern satellite images, and therefore, we cannot use this information to 847 

compare with the 1945 or 2019 data, but instead we use this material as an intermediate check for 848 

interpretation. The results suggest that the habitats are distributed as belt-like shape, and they 849 

distributed from shallow to deep as: microfilm-cemented-sand/island to active ooid sand, to seagrass 850 

meadow/macroalgae-cemented-sand and to hardground. Such distributions are similar to the results 851 

from both 1945 and 2019 results (Figure 3, 5 in the main text). The 1984 interpretation suggests 852 

confirms the approximate spatial distribution of the habitats, and confirmed the validity of the 853 

interpretation. The comparison between the 1984 annotated image and the vintage image is described 854 

in Figure S1. 855 



 856 

Figure S3. A: annotated assembled vintage photo in the Joulters Cays. B: annotated satellite image 857 

(1984) in the Joulters Cays. The approximate spatial distribution of habitats agrees. 858 

Historical satellite image (2016, pre- and post- hurricane) 859 

Before analyzing the change patterns and rates at the decadal scale, we first need to exclude the 860 

possibility that the observed changes are short-term (i.e., seasonal, changes after extreme events, etc.). 861 

Tropical hurricanes are regarded as one of the important short-term causes for changes in tropical 862 

geomorphology and habitat distribution (1, 2).  863 

Pre- and post-hurricane satellite images (the image is downloaded from Copernicus) from Joulters 864 

Cays (Figure S2) indicate that changes in habitat distribution due to hurricane Matthews (2016) were 865 

negligible (Error! Reference source not found.S2). This was true also for Hurricane Andrews (866 

1992): the external boundaries of sand shoals were relatively unchanged after hurricane events and the 867 

internal sand shoal changes may not be preserved in long-term (3, 4). Certain crests of sand bars in 868 

seagrass meadows showed signs of being re-activated (i.e., bright whitish bands, indicated in Figure 869 

S2 E, F, red arrow), but overall the distribution of seagrass meadows remained unchanged. These 870 

limited observations support the hypothesis that hurricanes have limited effects on habitat distribution 871 

(5, 6). However, the hypothesis remains to be tested with a larger number of hurricane events. We 872 

cannot exclude an amalgamated influence of recurring hurricanes. In addition, Major (4) suggested 873 



that a very thin layer of poorly-sorted sand might be transported seaward after hurricanes and may not 874 

be resolved in these satellite images at 10 m resolution.  875 

 876 

Figure S4. Pre- and post-hurricane satellite images from Joulters Cays (Copernicus Sentinel data 877 

[2016]). A: pre-hurricane (6-Sep-2016) and B: post-hurricane (14-Dec-2016). C, D, E, F are zoomed-878 

in panels to show the details of seagrass-sand boundaries. Black arrows: re-activated sand bar crests 879 

after hurricane. White arrows: seagrass distribution. 880 

 881 

Spatial heterogeneities calculation 882 

The original data for spatial heterogeneity calculation were presented in Data S6. This includes edge 883 

length and area for each patch from both the North Abacos and the Joulters Cays region. 884 

Explanation of the metrics: 885 

1. Largest Patch Index (LPI). This metric indicates the proportion of the largest patch in the total 886 

area of the same habitat, and is classified as a metric to measure dominance in some studies (7). 887 

This metric measures the connectivity of habitats: lower LPI indicates the habitats in the study 888 

area are more fragmented (low connectivity) and have higher spatial heterogeneities (8).  889 

𝐿𝑃𝐼=
𝑀𝑎𝑥(𝑃𝑎𝑡𝑐ℎ 𝐴𝑟𝑒𝑎)

∑𝐴𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ
 × 100%  (Eqn. S1) 890 

2. Number of Patches (NP). This structure-focused metric measures how many distinctive patches 891 

could be identified in the observing area. In general, high NP means the habitats are divided into 892 

fragmented pieces and have higher spatial heterogeneities (8).  893 

3. Mean patch area (MPA). This is a structure-focused metric and smaller MPA may indicate the 894 

habitats are more fragmented and heterogeneous (8).   895 

𝑀𝑃𝐴=
∑𝐴𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑡𝑐ℎ𝑒𝑠
 × 100%  (Eqn. S2) 896 



4. Edge Density (ED). This is a structure-focused metric. This metric measures the edge effects of 897 

the patches. The edge effect is crucial for the shrinking and expansion of patches. This is because 898 

the ambient physical environment and biological interactions outside and inside of an edge are 899 

different (9). Higher ED means these habitat patches are subject to higher influence from outside 900 

of the patch edges. We also apply the edge density metric to individual patches (Eqn S4). 901 

𝐸𝐷=
∑𝐸𝑑𝑔𝑒 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ

∑𝐴𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ
 × 100%  (Eqn. S3) 902 

𝐸𝐷_𝑖=
𝐸𝑑𝑔𝑒 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑎𝑡𝑐ℎ
 × 100%  (Eqn. S4) 903 

5. Spatial entropy (SE) is a proxy based on cellular data. It is defined in equation 5 (10):  904 

𝑆𝐸=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑖𝑚𝑖𝑙𝑎𝑟 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛𝑠
   (Eqn. S5) 905 

 906 

Habitat tracking 907 

The tracking method is described and illustrated in the main text. Herein, we present further details of 908 

the process. 909 

The packages we used in the workflow are described below (Table S3): 910 

Table S6. Packages used in the workflow. 911 

Package name Language 

PlantTracker R 

ArchGDAL Julia 

Statistics Julia 

GeoMakie Julia 

 912 

PlantTracker 913 

The parameters used in PlantTracker is listed below (Table S4). For the definition of them please refer 914 

to the original paper (11).  915 

Table S7. Parameters used in PlantTracker. 916 

Parameter Value 

dorm 80 

buff 20 

buffGenet 50 

clonal TRUE 

aggByGenet TRUE 

Tracking visualization 917 

The tracking results were visualized by GeoMakie and are presented in the following figure S3-S7. 918 



 919 

Figure S5. Tracking result for habitat ‘active ooid sand’. Left: 1945; Right: 2019. Same color 920 

indicates the patch shares the same track ID (i.e., they are the same patch in this context).  921 



 922 

Figure S6. Tracking result for habitat ‘Seagrass meadow’. Left: 1945; Right: 2019. Same color 923 

indicates the patch shares the same track ID (i.e., they are the same patch in this context). 924 

 925 



 926 

Figure S7. Tracking result for habitat ‘Reef’. Left: 1945; Right: 2019. Same color indicates the patch 927 

shares the same track ID (i.e., they are the same patch in this context). 928 

 929 



 930 

Figure S8. Tracking result for habitat ‘Macroalgae-cemented-sand’. Left: 1945; Right: 2019. Same 931 

color indicates the patch shares the same track ID (i.e., they are the same patch in this context). 932 

 933 



 934 

Figure S9. Tracking results for habitat ‘Microfilm-cemented-sand’. Left: 1945; Right: 2019. Same 935 

color indicates the patch shares the same track ID (i.e., they are the same patch in this context). 936 

 937 

The migration rates and direction are summarized in excel sheet stored in Data- S6. They are also 938 

visualized as rose map in the Figure S6. 939 



 940 

Figure S10. Visualization of migration rates and direction for each habitat. A: active ooid sand; B: 941 

Macroalgae-cemented-sand; C: Microfilm-cemented-sand; D: Reef; E: Seagrass meadow. The radius 942 

indicates the migration rates of each patch in units of meters in the observational timespan, while the 943 

degrees on the circle indicate the migration directions of each patch.   944 



Patch size and persistence time 945 

 946 

Figure S11. Proportional changes of the number of patches from 1945 to 2019 per area bin. 947 

STACKER 948 

The introduction of STACKER has been described in the main text, and the model is stored on github 949 

platform (git@github.com:MindTheGap-ERC/Stacker.git). The copy of this model used in this study 950 

is stored in the github repository: https://github.com/MindTheGap-ERC/TrackingHabitat.git. A 951 

manual can be found at https://mindthegap-erc.github.io/Stacker/. The input files for STACKER are 952 

stored separately in Data S8. Key inputs and assumptions are presented in the following table S5: 953 

Table S8. Default parameters used as STACKER input. These parameters were used for the null 954 

scenario (S0),  955 

Parameter Value 

Number of grids of on-shore off-shore direction 100 

Number of grids of along-shore direction 100 

Grid length of on-shore off-shore direction 0.25 km 

Grid length of along-shore direction 0.05 km 

Model duration 8 kyr 

Timestep 80 yr 

Subsidence rate 20 m/Myr 

Tidal range 1 m 

Number of facies 5 

Number of facies mosaic elements 25 (i.e., 5 patch aggregates for each facies) 

Migration mode for facies elements biased random walk 

Boundary condition Reflected 



Facies selection Based on production 

Obtaining production rate for each facies 956 

The production rate used in table S6 is obtained from one of the most recent published compilations 957 

(5). This work reported the production rate with units of g (calcite) × m-2 yr-1 and we convert the 958 

values to m/Myr used in the model. Unit conversion assumed the density of calcite = 2700 kg/m3, and 959 

porosity of 0.25. The conversion is based on the following equation (Equation S6). 960 

  961 

𝑃 (𝑢𝑛𝑖𝑡 𝑏𝑦
𝑚

𝑀𝑦𝑟
) =

𝑃(𝑢𝑛𝑖𝑡 𝑏𝑦 𝑔 ×  m−2 yr−1)

(𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑢𝑛𝑖𝑡 𝑏𝑦 ×  𝑘𝑔 m−3) × (1 − 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦))
× 1000 

(Eqn. 

S6) 

 962 

The median and the highest production rates from the published compilation (5) are listed in the 963 

following table S6 in ‘reported median production rate’ and ‘reported highest production rate’. 964 

Accordingly, the converted production rates based on equation S6 are listed in ‘converted median 965 

production rate’ and ‘converted highest production rate’. 966 

Table S9. Production rates used in this study, obtained from values published by Lopez-Gamundi et al. 967 

(5). Note that the original reported median production rate for active ooid sand is 165 g (calcite) × m-2 968 

yr-1, however, their calculations accidentally multiplied by 0.5 twice and thus we restored the value to 969 

330 g (calcite)/m2 yr herein.  970 

Facies 
Reported median 

production rate 

Converted 

median 

production rate 

Reported highest 

production rate 

Converted 

highest 

production 

rate 

Unit 
 g (calcite) × m-2 

yr-1 
m/Myr 

 g (calcite) × m-2 

yr-1 
m/Myr 

Active ooid sand 

production rate 
330 160 3000 1500 

Reef production rate 1120 600 2200 1200 

Seagrass meadow 

production rate 
410 200 840 400 

Macroalgae-cemented-

sand production rate 
405 190 850 380 

Microfilm-cemented-

sand production rate 
85 40 180 90 

 971 

The results of the STACKER 972 

The virtual core results of the STACKER are shown in the main text. The cross-section results are 973 

displayed in the following Figure S10. 974 



 975 

976 
Figure S10. Along-shore cross section of sediment profile for the null scenario S0.  977 

Modeling assumptions and sensitivity of the results to these assumptions 978 

Walther’s law does not specify the exact process to translate 2D spatial data into 1D stratigraphic data. 979 

Herein, STACKER creates stratigraphy by migrating the habitat patches following the distribution 980 

obtained from empirical observations between 1945 and 2019. To achieve this, we make assumptions 981 

on:  982 

1. The resolution at which stratigraphic data is recorded, 983 

2. Sediment production rates, 984 

3. Migration algorithm, 985 

4. Dynamics of patches, 986 

5. Patch statistics (including number, dimensions, and geometry) being stationary. 987 

We carried out sensitivity tests addressing the impact of the first four assumptions, corresponding to 988 

sensitivity testsS1 to S4.  989 

Scenarios S1: Observational resolution 990 

S1a and S1b have the same default settings as S0, but the virtual cores are then smoothed with a 5 and 991 

10 cm window respectively (Figure7 E, F in the main text). 992 

Scenario S2: Sediment production 993 

Given that each patch has its own dynamic parameters and migration pathways, the patches can 994 

overlap with each other. In this case, the facies (or habitat type) to be recorded are set to be the facies 995 

with a higher production rate. The S2 scenario used the highest production rates of reported values 996 

from previous work (5). In this case, the sequence of facies selection when they overlap becomes: 997 

active ooid sand > reef > seagrass meadow > macroalgae-cemented-sand > microfilm-cemented-sand, 998 

instead of the default sequence of: reef  > seagrass meadow > macroalgae-cemented-sand > active 999 

ooid sand > microfilm-cemented-sand. By doing so, we tested how  facies selection influences the 1000 

modelling results.  1001 

Scenario S3: migration algorithm 1002 

We used biased random walk to extrapolate the migration of patches, because the migration of each 1003 

patch does not take place uniformly in the same direction. This approach had been employed in 1004 

previous work (12). We further tested the scenario of using the ‘steepest gradient’ algorithm instead of 1005 

random walk, also following other studies (scenario S3 in Table S6) (12). 1006 

Scenario S4: Dynamics of patches 1007 

It is impossible to know the exact migration route and rate for each habitat patch over the duration of 1008 

the modelling. Therefore, we have to assume that the observation timespan can be extrapolated for the 1009 

modelling timespan (8 kyr). To explore how the results would change if the observed dynamics were 1010 



not representative for the 8 kyr, we conducted a sensitivity test assuming migration rates equal to 1/10 1011 

of those in the null scenario (scenario S4 in Table S6).  1012 

Table S10. Sensitivity tests of STACKER parameters. 1013 

Scenario Major changes 

S1a 
Data smoothed with 5 cm 

window 

S1b 
Data smoothed with 10 cm 

window 

S2 
Change production rate to the 

high end of reported range 

S3 

Migration dynamics changed 

from ‘Randomwalk’ to 

‘Steepest gradient’ 

  

S4 
10 times decrease in migration 

rates for each patch 

 1014 

 1015 

Influence of the exclusion of small patches 1016 

Not all patches were tracked by PlantTracker and, therefore, not all patches observed in spatial data 1017 

were fed into STACKER model. This raises concerns over artificially decreasing spatial 1018 

heterogeneities when converting observed data into model input. Herein, we test this concern by 1019 

calculating the spatial entropy (SE) of the gridded original interpreted habitat maps (with varying grid 1020 

size) and comparing it with the input map of STACKER (Figure S11).  1021 

 1022 

Figure S11. A: Spatial entropy changes with grid size (iso-heterogeneity curve). The thin red box at 1023 

the left indicates the SE and grid size of STACKER input data. B: Spatial entropy of the horizontal 1024 

map for each timestep in STACKER. 1025 

As grid size increases (the number of grid cells decreases), spatial entropy increases. However, this 1026 

does not mean the downscaled maps became more heterogeneous, as SE values could not be 1027 

compared directly with different grid sizes. Rather, it is a scale-dependent benchmark line for SE 1028 



proxy. This benchmark line suggests that if the habitat map is downsampled to 100 × 100, the SE 1029 

value should be around 0.3. We calculated the SE of the STACKER maps at each timeslice and the SE 1030 

was at quasi-steady-state between the range of 0.25 and 0.35, comparable to that of the downsampled 1031 

habitat map (Figure S11). This test suggests the incomplete input of patches has minimum influence 1032 

on the reduction of spatial heterogeneities in model. This result agrees with previous studies 1033 

suggesting that a loss of some spatial resolution is acceptable (13). 1034 



  1035 

 1036 

 1037 



Figure S12. The results of STACKER sensitivity tests listed in table S6. A: Virtual cores for S2.S1a. 1038 

B: Virtual cores for S31b. C: Virtual cores for S2. D: Virtual cores for S3. E: Virtual cores for S4. 1039 

The results of S2 (Figure S12C) indicate that higher production rate and changes in facies selection 1040 

would lead to the active ooid sand dominating in the virtual cores, in contrast to the sedimentary 1041 

cores, where ooid packstone and packstone are similarly abundant. Meanwhile, this scenario still 1042 

results in more frequent facies alternation than in the sedimentary cores. The results of S3 (Figure 1043 

S12D) are unrealistic: The sedimentation is thoroughly uneven spatially and a part of the modeling 1044 

box receives a limited amount of sediment (~0.0 m as shown in the leftmost core of S10D, compared 1045 

to > 1 m as shown in Figure 10 of the main text), contradicting what we observed in empirical cores. 1046 

The box areas that receive a sufficient amount of sediment also show more frequent facies alternations 1047 

than the sedimentary cores. The results of S4 (Figure S12 A) show thick facies units and the 1048 

frequency of facies alternations are similar to those in the sedimentary cores, although the modelled 1049 

thickness of virtual cores (~0.5 m) is lower than in the sedimentary cores (~1 to 5 m), and the 1050 

modelled cross-section showed extremely uneven distribution of sediments (Data S7). This result 1051 

implies that the observations of patch dynamics over multi-decadal timescales are not representative 1052 

of geological timescales.  1053 

 1054 



Water depth and seagrass meadow distribution map 1055 

 1056 

Figure S13. Relationship between water depth and seagrass meadow distribution. The basemap of this 1057 

figure comes from TCarta DEM (https://caribgeoportal.maps.arcgis.com/ 1058 

The seagrass meadows are mainly distributed in the water depth of ~1 to 3 m (Figure S13). However, 1059 

their distribution also relies on the availability of soft bottom, which is mostly located in the western 1060 

part of the region. In hardground-dominated areas, seagrass meadows are absent. 1061 

Source to sink calculation 1062 

The growth of islands at both Joulters Cays and North Abacos mainly takes place on the lee side of 1063 

the island (Error! Reference source not found.3,5). This is because the wave energy has been d1064 

issipated in these regions, thus making them suitable for sand deposition. In this study we observe net 1065 

growth of islands (i.e., expansion), rather than lateral migration. The rates of shoreline shift of islands 1066 

at Joulters Cays (mean = 1.9 m/y) are high compared to the atolls in the Indian Ocean (<0.27 m/y) 1067 

(14). Considering the main sediment in this region is ooidal sand, which has relatively short net 1068 

transport length (6), we assume that ooid sand shoals can be treated as a local source of sediment, and 1069 

islands as a local sediment sink. In our simple source-to-sink calculation, the ‘source’ will be 1070 



calculated as carbonate production in the sand shoals, and the ‘sink’ will be calculated based on island 1071 

area changes (Table S7).  1072 

Table S7. Data for source-to-sink calculation. 1073 

Source  reference 

Calculation equation Production rate × Sand shoal area (5) 

Production rate (g × m-2 × yr -1) Min: 7.9, Median: 165, Max: 2900 (5) 

Sand Shoal area (m2) 
63 × 106 (Joulters Cays) 

80 × 106 (Abacos) 
This study 

Sink   

Calculation equation 
Changes in islands area × Changes in 

elevation × (1- Porosity) × Density 
(6) 

Changes in islands area (m2) 
2280000 (Joulters Cays) 

1440000 (Abacos) 
This study 

Changes in elevation (m) Min: 0.5, Max: 1.5 TCarta DEM 

Porosity 30% (5) 

Density (kg/m3) 2700 Density of calcite 

 1074 

Calculation of source 1075 

The production rate of ooid sands ranges from 7.9 to 2900 g × m-2 × yr -1, with a median of 165 g × m-1076 
2 × yr -1(5), and if assume all of them are coming from nearby sand shoals (size: 63 km2 in vintage 1077 

interpretation, the Joulters Cays) and all part of the sand shoals are active (i.e., able to produce ooids), 1078 

we could work out that the shoals produced 4 × 104 to 1.5 × 107 t (median: 8.3 × 105 t) by using 1079 

equation 6. In the North Abacos, the active sand shoals have a coverage of ~80 km2 and were able to 1080 

produce 0.5 × 106 t to 1.8 × 107 t (median: 1.04 × 106 t) of oolitic sand over 8 decades. 1081 

Calculation of sink 1082 

Based on the DEM, the near-island sand shoals have elevation between -0.2 m to 0.8 m. By assuming 1083 

to maintain land plants on islands needs elevation of 1.3 m, we can work out the changes in elevation 1084 

is between 0.5 and 1.5 m. At the Joulters Cays, the islands have grown by 2.28km2, by assuming the 1085 

porosity of 30% and density of 2.7 g/cm3, and apply equation 5, the Joulters Cays islands may have 1086 

received 1.11 to 3.32 × 106 t (mean: 2.21 × 106 t) of carbonate sediments in the last 80 years. 1087 

Similarly, the North Abacos experienced 1.44 km2 of land, which equals 0.57 to 1.68 × 106 t of 1088 

carbonate sand. 1089 

Based on the rough calculation, we found that a substantial part of the ooid sand is pushed to above 1090 

sea-level area. For the median production rate (165 g × m-2 × yr -1) scenario, the produced ooids would 1091 

not sufficient for island growth and other sediment sources, such as seagrass meadows or coral reefs, 1092 

would be needed. Even for the maximum production rate scenario (the Joulters Cays: 1.5 × 107 t, the 1093 

North Abacos: 1.8 × 107 t), 10% of ooids are accumulated on islands (the Joulters Cays: 3.32 × 106 t, 1094 

the North Abacos: 1.68 × 106 t).  1095 

The large proportion of sand deposited in both regions suggest the relative importance of onshore 1096 

transport in shallow marine sediments, and sluggish vertical sand accumulation. Such effect might be 1097 



related either to on-shore wave transport or recurring storms/hurricanes events (2). This may explain 1098 

why there is significant gap between the short-term sediment accumulation rate and long-term 1099 

accumulation rate from a 1D sediment log (i.e., Sadler effect (15)): in the short-term the accumulation 1100 

is determined by production (production-limited accumulation). At  longer timescales, the produced 1101 

sediments would be redistributed to other places (if the accommodation space is sufficient) and the 1102 

effective accumulation rate would ‘decrease’, as observed in a 1D column of sediment core. 1103 

Therefore, such a ‘smearing effect’ would not only make the long-term accumulation rate significantly 1104 

lower than the short-term accumulation rate, but also spatially redistribute and mix produced facies, 1105 

making less facies alternating vertically in stratigraphy. This sediment budget calculation suggests that 1106 

the presence of transport beyond habitat boundaries could result in a low-pass filtering effect of 1107 

stratigraphy. 1108 

 1109 
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