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Abstract

Habitat structure influences a broad range of ecological interactions and ecosys-

tem functions across biomes. To understand and effectively manage dynamic

ecosystems, we need detailed information about habitat properties and how

they vary across spatial and temporal scales. Measuring and monitoring varia-

tion in three-dimensional (3D) habitat structure has traditionally been challeng-

ing, despite recognition of its importance to ecological processes. Modern 3D

mapping technologies present opportunities to characterize spatial and temporal

variation in habitat structure at a range of ecologically relevant scales. Biogenic

reefs are structurally complex and dynamic habitats, in which structure has a

pivotal influence on ecosystem biodiversity, function and resilience. For the first

time, we characterized spatial and temporal dynamics in the 3D structure of

intertidal Sabellaria alveolata biogenic reef across scales. We used drone-derived

structure-from-motion photogrammetry and terrestrial laser scanning to char-

acterize reef structural variation at mm-to-cm resolutions at a habitat scale

(~35 000 m2) over 1 year, and at a plot scale (2500 m2) over 5 years

(2014–2019, 6-month intervals). We found that most of the variation in reef

emergence above the substrate, accretion rate and erosion rate was explained by

a combination of systematic trends with shore height and positive spatial auto-

correlation up to the scale of colonies (1.5 m) or small patches (up to 4 m).

We identified previously undocumented temporal patterns in intertidal S. alveo-

lata reef accretion and erosion, specifically groups of rapidly accreting, short-

lived colonies and slow-accreting, long-lived colonies. We showed that these

highly dynamic colony-scale structural changes compensate for each other,

resulting in seemingly stable reef habitat structure over larger spatial and tem-

poral scales. These patterns could only be detected with the use of modern 3D

mapping technologies, demonstrating their potential to enhance our under-

standing of ecosystem dynamics across scales.

Introduction

Ecosystems are dynamic (Odum, 1969). Gradients in bio-

physical and human socioeconomic drivers create com-

plex mosaics in ecosystem properties (Legendre & Fortin,

1989; Perry, 2002; Williams et al., 2019), with the patterns

we observe determined by the scale of our observations

(Levin, 1992; Wiens, 1989). Because ecosystem patterns

and processes are intrinsically linked, we can gain a dee-

per understanding about ecological processes and their

drivers by quantifying these underlying patterns across

scales (Horne & Schneider, 1995; Underwood et al.,

2000). Quantifying patterns in ecosystem properties not

only advances ecological insight, but also facilitates

evidence-based management by enabling us to detect

change in ecosystem characteristics like habitat structure

in response to disturbance (Landres et al., 1999).

Physical habitat structure can be abiotic like rocks on a

shoreline, or biogenic like the trees of a forest. These fea-

tures determine habitat structural complexity and influence
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the biodiversity and community composition of associated

ecological communities through myriad processes. These

include buffering organisms from extreme environmental

conditions (Scheffers et al., 2014), mediating resource

availability (Safriel & Ben-Eliahu, 1991) and providing

shelter for prey species from predation (Stevenson et al.,

2015; Warfe et al., 2008). Biogenic reefs are complex habi-

tats in which substrate and structure is generated and

amplified by engineering organisms (Jones et al., 1994).

Biogenic reefs represent global biodiversity hotspots and

provide a range of ecosystem services to humanity

(Bruschetti, 2019; Connell, 1978; Dubois et al., 2002;

Woodhead et al., 2019). Spatially and temporally dynamic

three-dimensional (3D) structure is critical to the biodiver-

sity, ecological functioning and conservation value of bio-

genic reefs (Graham & Nash, 2013; Holt et al., 1998).

Metrics of reef structure can also be an indicator of the

health of the engineering species (Curd et al., 2019) and

reef recovery potential following acute disturbance (Gra-

ham et al., 2015). To understand organism–habitat interac-
tions within biogenic reef systems, we must first identify

the patterns and scales of variation inherent within their

structures (Holt et al., 1998; Jenkins et al., 2018).

Much of our understanding about scale-dependent pro-

cesses in ecosystems derives from terrestrial landscape

ecology. The study of spatial patterns in terrestrial systems

has greatly benefitted from remote sensing, providing

high-resolution spatially continuous data for a variety of

ecosystem properties including 3D habitat structure

(Chambers et al., 2007; Vierling et al., 2008). Remote

sensing of 3D structure in the marine environment from

satellite or crewed aircraft improves ecological insight in

clear, shallow waters (Wedding et al., 2019), but similar

information is challenging and expensive to capture in

deep or turbid waters (Lecours et al., 2015). Recent devel-

opments in high-resolution 3D mapping technologies

including structure-from-motion photogrammetry and

laser scanning offer the potential to study patterns in 3D

structure from organism to habitat scales, and are practi-

cal for investigation of scale-dependent properties in mar-

ine and coastal habitats (Calders et al., 2020; Urbina-

Barreto et al., 2021). This creates opportunities to apply

conceptual and analytical frameworks from landscape

ecology, such as identification of dominant spatial scales

of variation (Legendre & Fortin, 1989), at new scales and

in new systems. The ability to record spatially continuous

3D habitat structure across km extents at mm resolution,

with rapid repeats and low operating costs is sparking a

revolution in the scope and scale of ecological investiga-

tions (D’Urban Jackson et al., 2020).

Here, we use intertidal habitat structure built by Sabel-

laria alveolata, a reef-building annelid, as a model system

to characterize scale-dependent structural dynamics in

complex biogenic reef habitats using high-resolution 3D

mapping. S. alveolata reef comprises colonies of sediment

tubes biocemented together, creating extensive reefs on

northeast Atlantic and Mediterranean coasts (Bruschetti,

2019; Godet et al., 2011; La Porta & Nicoletti, 2009). Sim-

ilar reefs built by other species in the Sabellariidae family

are found globally (Capa et al., 2012). Our current under-

standing of the scale-dependent structural dynamics in

biogenic reefs is hampered by a lack of spatio-temporal

information about habitat structure across scales. To

explore this, we quantify spatial and temporal patterns in

reef structure at mm-to-cm resolution, at plot- (2500 m2)

to habitat-scale (~35 000 m2) extents and over temporal

scales of 1–5 years. Our findings reveal previously unde-

scribed patterns of structural variation in intertidal bio-

genic reefs and demonstrate the enhanced ecological

insight gained from the application of modern remote-

sensing technologies for 3D ecosystem mapping in struc-

turally complex habitats.

Materials and Methods

Data collection

Study site

To characterize variation in biogenic reef habitat structure

across scales, we conducted high-resolution 3D mapping

at a Sabellaria alveolata reef habitat at Llanddulas, Wales,

UK (53.294 N, 3.632 W), using two techniques between

2014 and 2019 (Fig. 1). The reef at Llanddulas occupies

the low shore for at least 1 km along a moderately

exposed, unconsolidated cobble beach with a gentle slope

gradient of 3%.

Plot-scale (2500 m2) 3D mapping

We collected data to investigate multi-annual temporal

patterns in S. alveolata reef structure using terrestrial laser

scanning (HDS ScanStation C10, Leica Geosystems,

Switzerland) of a permanent 2500 m2 reef plot at c. 6-

month intervals (autumn and spring) over 5 years from

September 2014 to October 2019. Terrestrial laser scanning

generates high-resolution (thousands of points per m2)

data with mm precision and was the most advanced 3D

mapping technology available for field sampling at the start

of the study in 2014. We conducted medium-resolution

(0.1 m point spacing at 100 m range) scans of the plot

from several stationary positions per time point, ensuring

similar data coverage among time points. We used retrore-

flective sphere reference targets to align scan datasets

within a time point. Aligning datasets from different time

points typically uses global navigation satellite system

(GNSS) georeferencing or permanent reference targets. Our
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plot was intertidal with an unconsolidated substrate, so

permanent targets could not be left and expected not to

move, and alignment by GNSS georeferencing would have

introduced error on the same scale (cm) as the changes we

expected to detect, limiting their reliable detection and

interpretation. Therefore, to enable accurate alignment of

repeat surveys, we increased the laser scanning data cover-

age to include permanent nearby features (rock groynes,

cycle path and buildings), enabling us to align the datasets

using the geometry of these stable features, without con-

straining the data across the dynamic foreshore.

We quality checked, aligned, georeferenced and manu-

ally cleaned the laser scanning point cloud data in

Cyclone v9 software (Leica Geosystems, Switzerland).

Within a time point, we aligned datasets from different

scanner positions to 6 mm accuracy using target posi-

tions. We then aligned complete datasets from different

time points to 6 mm accuracy using the geometry of per-

manent features. We made a final adjustment to the verti-

cal alignment within the plot based on stable regions of

non-reef substrate. We standardized datasets from differ-

ent time points by cropping to the plot extent, subsam-

pling point clouds to a minimum point spacing of 5 mm,

and removing isolated points using the statistical outlier

removal tool in the open source software CloudCompare

v2.11 (CloudCompare, 2019).

Habitat-scale (~35 000 m2) 3D mapping

Terrestrial laser scanning was impractical for the larger

extent of habitat-scale sampling within short low-tide

windows. Therefore, to investigate spatial and temporal

patterns in S. alveolata reef structure at a habitat scale

(~35 000 m2), we used structure-from-motion pho-

togrammetry derived from drone aerial imagery, in April

2018 and April 2019. Drone-derived structure-from-

motion photogrammetry generates continuous 3D infor-

mation across large extents, with comparable accuracy to

terrestrial laser scanning in complex habitats like S. alveo-

lata reef (D’Urban Jackson et al., 2020). We used a Phan-

tom 4 Pro (DJI) with a 20 MP camera flying at 46 m

altitude to capture images with 14-mm XY ground reso-

lution, covering c. 150 000 m2 of the coastline. The flight

pattern was pre-determined and flying was automated

using software (Maps Made Easy) to ensure the same sur-

vey pattern was flown in both years. To optimize the 3D

modelling process, we used a high image overlap, so that

every XY position in the area of interest was captured in

at least five images. We generated 3D models for each

survey using the industry standard software Pix4Dmapper

Pro v4. Unlike terrestrial laser scanning, for structure-

from-motion photogrammetry, we required georeferenced

ground control points to scale, constrain and align the

3D models. We used 11 (2018) and 19 (2019) control

points surveyed with commercial GNSS equipment (sys-

tem 1200, Leica Geosystems, Switzerland), giving root

mean square errors of 9 and 32 mm respectively. Because

there were no permanent features within the study area,

we verified vertical alignment accuracy by calculating ele-

vation difference at 100 random points along a cycle path

adjacent to the study area, giving a median difference of

23 mm and root mean square error of 26 mm. This

ErosionAccretion
2015
2017
20191 m

Sabellaria alveolata
colonyNon-reef

substrate

(A)
(B)

(C)

Figure 1. (A) Sabellaria alveolata biogenic reef habitat comprises aggregations of sediment tubes in colonies that emerge above a hard, non-reef

substrate. (B) Close-up image of a prograding colony surface showing dense tube openings of ~5 mm diameter. (C) Cross section of 3D terrestrial

laser scan point cloud data from 3 years, demonstrating the detailed information about spatial and temporal dynamics in habitat structure that

can be captured using modern 3D mapping technology. Reef colonies accrete upwards and outwards from the non-reef substrate in characteristic

mushroom-like hummocks that coalesce into platforms. Erosion of reef colonies is often rapid and catastrophic.
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represents a worst-case estimate because the cycle path

was outside the area constrained by control points. From

the 3D models and aerial images, we generated digital

surface models (DSMs, 0.1 m XY resolution) and ortho-

mosaics (0.02 m XY resolution) for 2018 and 2019.

Data analysis

Habitat-scale (~35 000 m2) spatial patterns in S.
alveolata reef emergence, accretion rate and
erosion rate

To study habitat-scale spatial patterns of variation in S.

alveolata reef structure, we conducted variography (Fig. 2,

Data S1) using the drone-derived DSMs from 2018 and

2019. To investigate reef structure independently from

trends in the underlying non-reef substrate, we calculated

reef emergence, defined as the height of the DSM surfaces

above a standardized digital elevation model (DEM) repre-

senting the lowest levels in the non-reef substrate (Fig. 3).

We used a threshold of emergence to classify DSM cells as

reef (≥0.15 m) or non-reef substrate (<0.15 m) within a

reef area polygon (36 363 m2) digitized from the 2018

orthomosaic (Fig. 5A). We validated the classification by

manually classifying 500 random points on the orthomo-

saic and interpreting a confusion matrix of predicted

against observed classes. Overall accuracy (correct predic-

tions out of total predictions) was 81.2%, precisions (true

positives out of total positive predictions) were 91.7 and

80.1% for reef and non-reef substrate respectively. To study

spatial patterns in accretion (positive change) and erosion

(negative change) of S. alveolata reef, we calculated the ver-

tical difference between the DSMs from April 2018 and

April 2019 to provide accretion and erosion rates as posi-

tive and negative vertical change per year.

To characterize spatial variation in habitat-scale S. alve-

olata reef structure, we modelled trends and conducted

variography using emergence, accretion rate and erosion

rate values of the 9140 reef cells in a random sample of

100 000 cells in the reef area. Our data exploration indi-

cated that emergence, accretion rate and erosion rate had

trends with shore height and along-shore distance and

were anisotropic with a major axis along the shore and

minor axis down the shore. To meet the Gaussian distri-

bution requirements of linear modelling and variography,

we transformed the data using ordered quantile

0.0

0.5

1.0

1.5

0 10 20 30 40

Fine-scale
process

Broad-scale
process

Combined
processes

Self-similarity

Low

Range

Sill

High

Lag (distance between two samples)

S
em

iv
ar

ia
nc

e 
(γ

)

Spatial
variable

Figure 2. Interpreting spatial patterns in processes that generate spatial variables using variography. Variograms visualize spatial self-similarity, or

autocorrelation, in a variable by plotting semivariance (γ) against lag, the distance between two samples. As lag increases samples become less

similar (higher γ) until a plateau (sill) is reached at a distance (range), beyond which sample values are not autocorrelated. Here we show three

simulated examples of a variable generated with different processes, and their respective variograms. Top: a fine-scale process generates a

variable that is autocorrelated only over short distances, so the range (point and dashed line) is small. Bottom: a broad-scale process generates a

variable that is autocorrelated over longer distances, producing a variogram with a larger range. Middle: the fine- and broad- scale processes have

been added together, producing a variable with both short- and long-distance autocorrelation, generating a nested variogram with two ranges.
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transformation (Peterson & Cavanaugh, 2020), then mod-

elled trends using ordinary least squares linear regression.

We conducted variography on the linear model residuals

along two axes: along the shore (120° from north) and

down the shore (30° from north), with maximum lags of

250 and 50 m, respectively, approximately two thirds of

the maximum reef area dimensions, using the gstat pack-

age in R (Graler et al., 2016; Pebesma, 2004; R Core

Team, 2020). We fitted an initial variogram model to

each experimental variogram automatically, then

improved the fit by adjusting the model parameters and

adding a secondary variogram model where appropriate,

until a visual good fit was found to the experimental vari-

ogram (Gringarten & Deutsch, 2001). To investigate

whether patterns in reef structure were related directly to

patterns in the underlying non-reef substrate topography,

we conducted variography using emergence data from

10 000 random non-reef substrate DSM cells.

The trend in mean emergence with shore height

explained only a small amount of the variation

(R2 = 0.043, Table S1). Our data exploration showed that

the reef comprised colonies at all stages of emergence,

from the classification threshold of 0.15 m up to an

emergence limit that was related to shore height. There-

fore, shore height appeared to represent a limiting factor

and so maximum emergence was a better metric for char-

acterizing habitat structure than a measure of central ten-

dency (Kaiser et al., 1994). To examine the relationship

between maximum reef emergence and shore height, we

used a sample of 2000 reef cells with a minimum point

spacing of 1.5 m derived from the variography results,

1.5 m being the dominant range of spatial autocorrela-

tion. We modelled the relationship between maximum

(99th percentile) reef emergence and DEM elevation with

linear quantile regression, using the quantreg package in

R (Koenker, 2020).

Plot-scale (2500 m2) temporal patterns in reef
structure

To characterize multi-annual structural changes in S.

alveolata reef structure, we used terrestrial laser scan-

ning to survey a 2500 m2 plot in autumn and spring

from September 2014 to October 2019. To track vertical

changes in reef emergence through time, we digitally

sampled locations within the plot (n = 454) that had

reef presence in at least one time point, avoided reef

colony edges where lateral accretion and erosion would

confuse interpretation, and were spatially independent

(Fig. 4, Data S2). At each sample location and for each

time point, we extracted mean emergence above a com-

mon DEM. To examine common characteristics in tem-

poral changes in reef emergence, we derived accretion

and emergence metrics from each sample time series.

We calculated mean and maximum annual accretion

rate, maximum emergence and time spent within 80%

of maximum emergence, which we termed persistence.

We then used partitioning around medoids (PAM)

clustering, a common data clustering method that is

robust to outliers (Kaufman & Rousseeuw, 1990), to

classify sample time series into two groups with similar

metrics using the cluster package in R (Maechler et al.,

2019).

Following evidence of multiannual cycles of habitat-

scale accretion and erosion (Gruet, 1986), we hypothe-

sized that mean plot-scale reef emergence would vary over

the 5-year study period. We also hypothesized that due to

higher productivity in summer and lower growth rates

coupled with more destructive wave action in winter,

plot-scale emergence would be higher in autumn than in

spring. We tested these hypotheses using a two fixed-

factor (year and season) permutational analysis of vari-

ance (Anderson, 2001) with reef emergence as a univari-

ate response. The permutational nature of the test

removes the need to satisfy normality in the response

variable as the routine permutes the raw data to generate

the null distribution (Anderson, 2001). To ensure a bal-

anced design with no missing data and no repeat sam-

pling, we first divided reef sample locations (n = 454)

randomly and equally among season (two levels: autumn

and spring) and year (five levels: 2015–2019) combina-

tions (10 combinations, n = 45). Some reef sample loca-

tions contained missing data for certain season and year

combinations, so we iteratively exchanged these reef sam-

ple locations among groups until no missing data

remained. Homogeneity of variance between factor levels

was confirmed with Levene’s test (P > 0.05). Our permu-

tational analysis of variance was based on a Euclidean dis-

tance similarity matrix of the raw reef emergence data,

with 9999 random permutations under a reduced model

and Type III (partial) sums of squares. Where there was

global model significance, permutational pairwise tests

were used to determine where the differences occurred

between factor levels.

Results

Habitat-scale (~35 000 m2) spatial patterns
in S. alveolata reef emergence, accretion
rate and erosion rate

We estimated the percentage cover of S. alveolata reef

within the 36 363 m2 reef area as 26.8% or a total cover-

age of 9745 m2 based on our binary classification of the

0.1-m XY-resolution emergence raster into reef or non-

reef substrate (Fig. 5A). Maximum reef emergence (99th
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percentile) increased down the shore from c. 0.2 m at

0 m ordnance datum Newlyn (ODN) to a maximum of

0.5 m above the substrate at 2.8 m below ODN (Fig. 5B).

The relationship was described by:

logðemergencemax Þ¼�0:308ðshore heightÞ�1:551 (1)

Reef emergence was positively spatially autocorrelated

up to 1.5 m in both along shore and down shore direc-

tions, represented by a spatial structure that described

65–70% of the variance (Fig. 5C, Table S1). There was a

smaller amount of residual positive autocorrelation in reef

emergence over larger distances along the shore (up to

110 m) and down the shore (up to 20 m) (Fig. 5C, Table

S1). At larger distances still, the variogram indicated addi-

tional patterns in spatial dependence of reef emergence

including cyclicity, but these were not quantified because

variogram model fitting becomes less reliable at larger

distances relative to the study extent. The variogram of

non-reef substrate emergence showed that the dominant

autocorrelation pattern mostly occurred over a larger dis-

tance of 4.5 m and explained a higher proportion (90%)

of the variation compared to reef emergence (Table S1).

A small amount of spatial autocorrelation in non-reef

substrate emergence was also evident over larger distances

(up to 50–90 m).

At the habitat scale (~35 000 m2), the elevation of S.

alveolata reef colonies changed by 19 � 82 mm (mean

� 1 SD) between April 2018 and April 2019 (Fig. 6A).

The small magnitude of mean elevation change across the

total reef area was the result of a balance between variable

positive and negative changes in individual samples (0.1-

m XY-resolution cells). A high proportion of reef samples

(80%) showed a small positive elevation change (accre-

tion, 49 � 30 mm), with the remaining samples (20%)

showing larger and more variable negative changes (ero-

sion, −99 � 113 mm). Both accretion and erosion max-

ima increased towards the lower shore (Fig. 6A) and

showed different spatial autocorrelation patterns. Positive

spatial autocorrelation in accretion mostly occurred

within short distances (up to 0.75–1.05 m), with a small

proportion of positive autocorrelation extending over lar-

ger distances up to 40–130 m (Fig. 6B, Table S2). In con-

trast, erosion of reef material was only positively spatially

autocorrelated up to distances of 2.9–3.8 m, beyond

which the variogram indicated spatial randomness (Fig. 6

C, Table S2).

Plot-scale (2500 m2) temporal patterns in
reef structure

Within the 2500 m2 plot, overall reef emergence across all

11 time points over 5 years was 0.22 � 0.13 m (mean

� 1 SD). We found scale-dependent variation, with high

variation in emergence at each sample location (colony

scale, n = 454) through time and high variation among

samples at each time point, but low variation in plot-

scale emergence through time. The coefficient of variation

(mean � 1 SD) in sample location emergence through

time was 52 � 32.3 and per time point was 56.5 � 3.7,

whereas the coefficient of variation in plot-scale mean

emergence through time was 8.8.

Time series of emergence at reef sample locations

revealed diverse temporal patterns in emergence, accretion

and erosion metrics of colonies that we classified into two

groups called fast and slow colonies (Fig. 7). These two

groups clustered moderately well, indicated by an average

silhouette width of 0.35 on a scale from 0 (poorly clus-

tered) to 1 (perfectly clustered) (Kaufman & Rousseeuw,

1990). Fast colonies were characterized by higher maxi-

mum and mean annual accretion, higher maximum emer-

gence and shorter persistence (time spent within 80% of

their maximum emergence) than slow colonies (Fig. 7,

Table S3). Visual assessment showed that slow colonies

were evenly distributed throughout the plot, whereas fast

colonies were concentrated in the northern, lower-shore

half of the plot (Fig. S1). We found that erosion of reef

colonies often occurred rapidly in both groups; it was

common for emergence to drop to the level of the non-

reef substrate within 6 months to a year (Fig. 7).

There was a significant interaction between ‘year’ and

‘season’ on plot-scale reef emergence (F4,440 = 3.48,

P = 0.009, Table S4) driven entirely by emergence being

higher in autumn than spring in 2015 (P = 0.001). Across

season, there were no differences among years in spring

emergence, but there were significant differences in

autumn, with 2015, 2016 and 2019 having higher emer-

gence than 2017 and 2018 (P < 0.05, Fig. S2, Table S4).

Discussion

Habitat structure strongly dictates ecological function in

complex 3D ecosystems. Quantifying how 3D habitat

structure varies across space and time is, therefore, a

Figure 3. Data processing method used to classify habitat-scale digital surface models (DSMs) as reef or non-reef substrate. We generated 0.1 m

XY resolution DSMs using drone aerial imagery and structure-from-motion photogrammetry. From the DSM we generated a digital elevation

model (DEM) representing the ground level at the same resolution by interpolating between the lowest point in each square of a 2 m grid. We

calculated emergence by subtracting the DEM from the DSM elevation. Finally, within the known reef area (Fig. 5A) we used a binary

classification of reef (≥0.15 m emergence) and non-reef substrate (<0.15 m emergence).
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crucial step in understanding ecosystem dynamics and

guiding their effective management. Here, for the first

time, we quantified patterns of spatial and temporal vari-

ation in 3D habitat structure across scales in an ecologi-

cally important but understudied Sabellaria alveolata

biogenic reef habitat. Our results reveal that patterns in

reef emergence, accretion rate and erosion rate are spa-

tially autocorrelated and highly scale dependent. In this

system, reef colonies formed groups of rapidly accreting

short-lived colonies and slow-accreting long-lived colo-

nies, creating dynamic structure at fine spatial (m) and

temporal (6 month) scales. However, these colony-scale

dynamics cancel each other out at larger spatial (50 m to

1 km) and temporal (5 year) scales, resulting in seemingly

stable reef habitat (Fig. 7). This habitat steady-state

despite the mosaic of small-scale dynamics is akin to

other biogenic systems like forests, where scale-dependent

patterns in ecosystem properties have been better studied

using remote sensing (Chambers et al., 2013). Using

modern 3D mapping, we have quantified spatially contin-

uous, cross-scale habitat structure in a biogenic reef,

revealing scale-dependent patterns that indicate parallels

in structural dynamics between terrestrial and marine bio-

genic habitats.

Spatial patterns in reef habitat structure

We identified predictable trends in maximum reef emer-

gence, accretion rate and erosion rate that all increased

towards the lower shore. Shore height trends are ubiqui-

tous in intertidal ecosystems like rocky shores and salt-

marshes because numerous biological, chemical and

physical structuring processes correlate with vertical posi-

tion (Chappuis et al., 2014; Connell, 1972; Pennings &

Callaway, 1992). The trends in our data can be explained

by spatially varying hydrodynamic forces, proposed as the

most important abiotic structuring factor of S. alveolata

reef habitat (Collin et al., 2018; Gruet, 1986; Wilson,

1971). Wave forces are predicted to be greatest at the

lower shore, with energy attenuated as waves travel across

the rough reef surface (Bouma et al., 2014; Lowe et al.,

2005). We suggest that higher wave energy at the lower

shore results in more coarse sediment being resuspended

higher in the water column, enabling faster reef colony

accretion and higher maximum emergence. Wave energy

can also be destructive, increasing reef erosion rate

towards the lower shore. In addition, longer periods of

immersion experienced lower on the shore give more

time for both reef accretion and erosion.

Interactions between individuals can produce spatially

coherent self-organized patterns that influence ecosystem-

scale processes in many natural systems, including mussel

reefs (Van De Koppel et al., 2008) and arid vegetation

(Klausmeier, 1999). We found evidence for self-

organization in S. alveolata reef emergence and accretion

rate that were spatially clustered (positively autocorre-

lated) up to colony scales (1.5 m). Prograding S. alveolata

reef colonies have characteristic smooth surfaces compris-

ing the openings of dense, parallel tubes (Fig. 1) (Curd

et al., 2019; Ventura et al., 2020). To maintain this mor-

phology as the colony grows, within-colony accretion rate

and emergence must be similar among worms. Self-

organization enhances habitat resilience (Guichard et al.,

2003; Liu et al., 2014), and in this system the colony mor-

phology may contribute to the remarkable wave resistance

in the friable intertidal structures (Le Cam et al., 2011),

analogous to massive stony coral morphologies that can

dominate wave-exposed subtidal tropical reefs (Chappell,

1980).

Spatial patterns in biogenic reef properties provide

insight into the biotic and abiotic drivers of ecosystem

structuring processes (Aston et al., 2019; Edwards et al.,

2017; Ford et al., 2020). In our system, reef emergence

and accretion rates showed secondary spatial clustering at

habitat scales (20–40 m down the shore, 110–130 m along

the shore), whereas erosion rates showed spatial random-

ness beyond 4 m. Habitat-scale spatial clustering in reef

emergence and accretion rate may be due to spatial varia-

tion in resources (e.g. sediment or food quality), environ-

mental conditions (e.g. salinity), biotic factors (e.g.

recruitment density) or anthropogenic influence (e.g.

trampling). Interactions between myriad drivers are likely

to influence reef structure at various scales (Collin et al.,

2018). Identification of the relative importance of these

factors and how they vary in time and space warrants fur-

ther investigation, and may help explain why S. alveolata

Figure 4. Data processing method used to sample reef emergence through time at independent reef locations within a 50 × 50 m plot mapped

using terrestrial laser scanning at 6-month intervals over 5 years (Data S2). (1) Example section of 3D point cloud data. (2) We used a cloth

simulation filter to generate a digital elevation model (DEM) for each time point and retained only points ≥0.2 m above the DEM. (3) We

generated a digital surface model (DSM, 0.1 m XY resolution) of mean point elevation, then used the DSM to generate a mask that removed low

point density cells, isolated cells, and colony edges. (4) We combined the masks from all time points. (5) We used a 2 m grid to generate spatially

stratified random points (5 points per strata). (6) We randomly selected one point per strata with a minimum spacing of 1.5 m to generate our

sample point locations. (7) At each sample location we calculated a timeseries of emergence by subtracting the elevation of a common DEM

representing the ground level from the DSM for each time point (Fig. 7).
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reef structure is highly variable among sites (Stone et al.,

2019). Spatial clustering of erosion rates up to 4 m indi-

cates that erosion mostly occurs as the catastrophic col-

lapse of entire S. alveolata colonies and platform sections.

The lack of larger-scale spatial autocorrelation in erosion

rates shows that colony collapse is random after account-

ing for shore height trends, suggesting that destructive

processes are similar horizontally along the shore.

Modern remote-sensing technologies are advancing our

ability to describe and interrogate spatial patterns in mar-

ine reef systems. In intertidal habitats like S. alveolata

reef, aerial methods can capture a range of ecologically

relevant information at high resolution across large

extents of several km2 (Bajjouk et al., 2020; Collin et al.,

2018, 2019). The importance of 3D ecosystem structure

in ecological investigations is recognized, and tools to

capture and analyse 3D structure in diverse systems

including subtidal reefs are becoming increasingly power-

ful and accessible (D’Urban Jackson et al., 2020; Lepczyk

et al., 2021).

Temporal patterns in biogenic reef structure

Identifying key scales of variation and their forcing pro-

cesses has been a persistent challenge in ecology (Chave,

2013; Denny et al., 2004; Levin, 1992), especially in mar-

ine systems beyond the observation capabilities of tradi-

tional remote sensing (Lecours et al., 2015; Wedding

et al., 2011). Our study reveals previously undescribed

patterns of scale-dependent spatio-temporal variation in

S. alveolata reef structure. We found that individual S.

Figure 5. (A) The foreshore at Llanddulas, Wales, UK. Habitat-scale 3D structure data were analysed within a 36 363 m2 reef area polygon

digitized from an aerial imagery orthomosaic. Presence of emergent reef is shown at 1 m XY resolution. (B) Maximum reef colony emergence

increases lower down the shore. The reef colonies that we analysed had a minimum emergence of 0.15 m. (C) Reef colony emergence was

spatially autocorrelated over short distances (1.5 m) both along the shore (purple) and down the shore (orange), ranges indicated by left-most

vertical lines and arrows. There was a secondary autocorrelation structure that had a longer range (110 m) in the along shore direction compared

to down the shore (20 m), ranges shown by right-most vertical lines and arrows.
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Figure 6. Spatial variation in S. alveolata reef elevation changes from

April 2018 to April 2019 within the reef area (Fig. 5A). (A) Both

positive and negative elevation changes increased towards the lower

shore. Samples showing positive changes (blue) were greater in

number than those with negative change (red), but the larger average

magnitude of negative changes resulted in little change in overall

elevation, shown by the boxplot of all samples crossing 0. Grey points

represent samples with changes within the alignment uncertainty

estimate of �0.03 m. (B) Variogram showing spatial autocorrelation

scales of positive elevation changes (accretion) after accounting for

trend (Table S2). The majority of spatial autocorrelation is explained

by a short range (0.75–1.05 m) structure (left-most vertical lines and

arrows), with a secondary structure showing a longer range (130 m)

in the alongshore orientation compared to down the shore (30 m).

(C) Variogram showing spatial scales of negative elevation changes

(erosion) after accounting for trend (Table S2). Spatial autocorrelation

only occurs up to a short range (2.9–3.84 m, vertical lines and

arrows).
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alveolata colonies on the scale of metres undergo inde-

pendent and compensatory accretion and erosion cycles,

resulting in stability at larger spatial (2500 m2) and tem-

poral (5 year) scales. Previous characterization of S. alveo-

lata reef structural dynamics have described multiannual

accretion and erosion cycles operating over large areas of

reef (10 s to 100 s m) at some sites and multiannual sta-

bility at others (Gruet, 1986; Lecornu et al., 2016). While

we recorded stability in reef structure over a period of

5 years, at decadal time scales, the habitat can be transient

(Firth et al., 2015). Scale-dependent structural dynamism

is a feature of other systems like terrestrial forests (Cham-

bers et al., 2013), and our results indicate that conceptual

frameworks from terrestrial landscape ecology can be

applied to biogenic reef systems. For instance, the stability

of a forest ecosystem can be modelled as a product of the

spatial and temporal scales of disturbance events that it

experiences (Turner et al., 1993). Applying this concept

to our study system, disturbance events (colony collapse)

were small in size (up to 4 m) relative to the habitat size

(~35 000 m2) and disturbance (collapse) intervals were

generally longer than recovery (accretion to maximum

emergence) intervals. As predicted by the conceptual

model (Turner et al., 1993), we observed stability in the

system at the habitat scale.

We identified two distinct types of reef colonies: ‘fast’

colonies with rapid accretion, high maximum emergence

and short lifespan, and ‘slow’ colonies with slower

accretion, lower maximum emergence and longer lifespan.

Accretion rates of ‘fast’ S. alveolata colonies in our study

(mean 0.109 m year−1, max 0.215 m year−1) were compa-

rable to upper estimates of 0.105 m year−1 in Cornwall,

UK, and >0.5 m year−1 in Normandy, France (Gruet,

1986; Wilson, 1971). These studies documented faster

accretion rates in new, small colonies and a similar gen-

eral pattern could be seen in our time series, although

variation was high and many colonies had incomplete

structural cycles within our study period. We found new,

low emergent colonies accreted rapidly and then accretion

slowed as they approached a maximum emergence, fol-

lowed by a period of persistence at the maximum emer-

gence and eventual rapid collapse. A similar accretion

pattern has been documented in oyster (Crassostrea vir-

ginica) reefs, with rapid accretion in deeper edges of a

reef (8 m diameter), while no change was recorded in the

shallowest central portions, just 2 m away (Rodriguez

et al., 2014). This fine-scale spatial variation in structural

characteristics would be lost at larger observational scales,

highlighting the need for a multi-scale approach when

assessing the resilience of biogenic reefs to pressures like

sea level rise.

Seasonal patterns of accretion and erosion in S. alveo-

lata reef and their driving processes are not well under-

stood. We did not find evidence for a consistent seasonal

pattern in reef emergence, and while reef emergence mea-

sured in autumn showed some variation, spring

0.0

0.2

0.4

0.6

0.8

0 12 24 36 48 60
Month

E
m

er
ge

nc
e 

(m
)

Reef colony
Mean ± 1 SD
Fast colony
Slow colony

Figure 7. Colony-scale variation balances out to produce plot-scale stability in S. alveolata reef habitat structure over several years. Emergence

was measured at 454 stratified random, spatially independent sample locations in a 2500 m2 plot in autumn and spring each year from

September 2014 (month 0) to October 2019 (month 61). Thin blue lines show individual sample timeseries. Bold blue line and dashed lines show

the mean � 1 SD emergence of all samples. Six example sample timeseries’ are highlighted to show the diversity of fine-scale dynamics in reef

accretion and loss over time, clustered into two groups: fast colonies with rapid accretion and short persistence (orange) and slow colonies with

slower accretion and longer persistence (red).
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observations were stable over 5 years (Fig. S2, Table S4).

However, we did find a seasonal difference in 1 survey

year (2015). Temperature and wave energy are two domi-

nant seasonally varying factors in intertidal habitats. The

habitat is vulnerable to severe winter temperatures and

damage from winter storms (Crisp, 1964; Firth et al.,

2015). In summer, higher temperatures and increased

food availability in summer may promote worm produc-

tivity that translates to increased accretion rate, but the

availability of resuspended sediment with low summer

wave action may limit accretion rate. Hydrodynamic

energy promotes both S. alveolata reef accretion and ero-

sion, so the effects of seasonal variation in wave energy

are difficult to predict. Higher emergence in the autumn

of 2015 compared to the spring appeared to be a result of

heavy recruitment during the summer of that year (TDJ,

pers. obs.), resulting in many new, rapidly accreting colo-

nies. Recruitment of pelagic larvae to S. alveolata reefs is

through a combination of continuous low-level settlement

and stochastic heavy settlement events when hydrody-

namic conditions are favourable (Ayata et al., 2009; Bush

et al., 2015; Dubois et al., 2007). Sabellariidae worms

respond to storm damage with increased reproductive

output in a similar way that some plants respond to fire

(Barry, 1989) and S. alveolata larvae show high levels of

retention within local geographic areas (Bush et al., 2015;

Dubois et al., 2007). These factors likely result in com-

pensatory self-recruitment to a damaged reef, contribut-

ing to long-term reef persistence.

Conclusion

Our findings represent the most comprehensive character-

ization of S. alveolata biogenic reef habitat structure

across spatial and temporal scales to date, expanding our

understanding of scale-dependent structural dynamics in

this complex 3D habitat. We found that S. alveolata reef

structure is characterized by a mosaic of different colony

successional states leading to a dynamic landscape at

smaller scales (m), while displaying relative stability (a

steady state) at larger spatial and temporal scales. This

phenomenon is characteristic of other structurally com-

plex ecosystems like forests and we hypothesize that it

could be true for other colonial reef systems, such as sub-

tidal tropical coral reefs. We also identified previously

undocumented temporal patterns in reef structure, specif-

ically distinct groups of ‘fast’ and ‘slow’ colonies. The pat-

terns we documented could only be detected with high-

resolution 3D mapping, demonstrating the enhanced eco-

logical insight gained from the adoption of contemporary

technologies in modern ecology. Scale-dependent ecosys-

tem patterns have historically been challenging to study

due to necessary trade-offs in observation scale, especially

in marine systems. By embracing modern mapping tech-

nology in ecology, these long-standing constraints can be

overcome, leading to an improved understanding of

ecosystem dynamics in complex 3D habitats.
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T. Jackson-Bué et al. Scale-dependent Biogenic Reef Dynamics

https://doi.org/10.1007/s00338-017-1624-3
https://doi.org/10.1002/ece3.1556
https://doi.org/10.1111/ecog.05331
https://doi.org/10.1016/j.ecss.2011.02.003
https://doi.org/10.1038/nature14140
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.1023/A:1011093014141
https://doi.org/10.1023/A:1011093014141
https://doi.org/10.1111/j.1439-0485.1986.tb00166.x
https://doi.org/10.1111/j.1439-0485.1986.tb00166.x
https://doi.org/10.1086/375300
https://doi.org/10.2307/3545670
https://doi.org/10.1002/ece3.4292
https://doi.org/10.1002/ece3.4292
https://doi.org/10.2307/3545850
https://doi.org/10.2307/3545850
https://doi.org/10.1080/01621459.1994.10476763
https://doi.org/10.1002/9780470316801
https://doi.org/10.1126/science.284.5421.1826
https://doi.org/10.1126/science.284.5421.1826
https://CRAN.R-project.org/package=quantreg
https://CRAN.R-project.org/package=quantreg
https://doi.org/10.11646/zoosymposia.2.1.36
https://doi.org/10.1016/j.ecss.2010.10.036
https://doi.org/10.1016/j.ecss.2010.10.036
https://doi.org/10.1016/j.rsma.2016.07.004
https://doi.org/10.1016/j.rsma.2016.07.004
https://doi.org/10.3354/meps11378
https://doi.org/10.1007/BF00048036
https://doi.org/10.1007/BF00048036
https://doi.org/10.1093/biosci/biab001
https://doi.org/10.2307/1941447
https://doi.org/10.2307/1941447
https://doi.org/10.1038/ncomms6234
https://doi.org/10.1038/ncomms6234


Lowe, R.J., Falter, J.L., Bandet, M.D., Pawlak, G., Atkinson,

M.J., Monismith, S.G. et al. (2005) Spectral wave dissipation

over a barrier reef. Journal of Geophysical Research, 110,

1–16. https://doi.org/10.1029/2004JC002711
Maechler, M., Rousseeuw, P.J., Struyf, A., Hubert, M. &

Hornik, K. (2019) Cluster: cluster analysis basics and

extensions. R package version 2.1.0.

Odum, E.P. (1969) The strategy of ecosystem development.

Science, 164, 262–270.
Pebesma, E.J. (2004) Multivariable geostatistics in {S}: the

gstat package. Computers & Geosciences, 30, 683–691.
Pennings, S.C. & Callaway, R.M. (1992) Salt marsh plant

zonation: the relative importance of competition and

physical factors. Ecology, 73, 681–690. https://doi.org/10.
2307/1940774

Perry, G.L.W. (2002) Landscapes, space and equilibrium:

shifting viewpoints. Progress in Physical Geography, 26,

339–359. https://doi.org/10.1191/0309133302pp341ra
Peterson, R.A. & Cavanaugh, J.E. (2020) Ordered quantile

normalization: a semiparametric transformation built for the

cross-validation era. Journal of Applied Statistics, 47,

2312–2327. https://doi.org/10.1080/02664763.2019.1630372
R Core Team. (2020) R: a language and environment for

statistical computing. Vienna, Austria: R Foundation for

Statistical Computing Available at: https://www.R-project.org/

Rodriguez, A.B., Fodrie, F.J., Ridge, J.T., Lindquist, N.L.,

Theuerkauf, E.J., Coleman, S.E. et al. (2014) Oyster reefs

can outpace sea-level rise. Nature Climate Change, 4,

493–497. https://doi.org/10.1038/nclimate2216

Safriel, U.N. & Ben-Eliahu, M.N. (1991) The influence of

habitat structure and environmental stability on the species

diversity of polychaetes in vermetid reefs. In: Bell, S.S.,

McCoy, E.D. & Mushinsky, H.R. (Eds.) Habitat structure.

London: Chapman & Hall/CRC, pp. 349–368. https://doi.
org/10.1007/978-94-011-3076-9

Scheffers, B.R., Edwards, D.P., Diesmos, A., Williams, S.E. &

Evans, T.A. (2014) Microhabitats reduce animal’s exposure

to climate extremes. Global Change Biology,, 20, 495–503.
https://doi.org/10.1111/gcb.12439

Stevenson, A., Mitchell, F.J.G. & Davies, J.S. (2015) Predation

has no competition: factors influencing space and resource

use by echinoids in deep-sea coral habitats, as evidenced by

continuous video transects. Marine Ecology, 36, 1454–1467.
https://doi.org/10.1111/maec.12245

Stone, R., Callaway, R. & Bull, J.C. (2019) Are biodiversity

offsetting targets of ecological equivalence feasible for

biogenic reef habitats? Ocean & Coastal Management, 177,

97–111. https://doi.org/10.1016/j.ocecoaman.2019.04.003

Turner, M.G., Romme, W.H., Gardner, R.H., O’Neill, R.V. &

Kratz, T.K. (1993) A revised concept of landscape

equilibrium: disturbance and stability on scaled landscapes.

Landscape Ecology, 8, 213–227. https://doi.org/10.1007/
BF00125352

Underwood, A.J., Chapman, M.G. & Connell, S.D. (2000)

Observations in ecology: you can’t make progress on

processes without understanding the patterns. Journal of

Experimental Marine Biology and Ecology, 250, 97–115.
https://doi.org/10.1016/S0022-0981(00)00181-7

Urbina-Barreto, I., Chiroleu, F., Pinel, R., Fréchon, L.,
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Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Data S1. Analysis of spatial patterns and scales of varia-

tion using variography.

Dats S2. Sampling reef emergence through time at the

2,500m2 plot scale.

Figure S1. 2500 m2 plot showing 0.01 m2 cells containing

S. alveolata reef in at least one of 11 surveys over 5 years

(grey) and stratified random, spatially independent sam-

ples (crosses).

Figure S2. Boxplot of emergence within the 2500 m2 plot

surveyed using terrestrial laser scanning at approximately

6 month intervals over 5 years, with median (bar) and

mean (open circles) displayed.

Table S1. Spatial structure parameters of reef and sub-

strate emergence within the ~35 000 m2 reef area, derived

from variography.

Table S2. Spatial structure parameters of reef accretion

(positive elevation change) and erosion (negative eleva-

tion change) within the ~35 000 m2 reef area over one

year, derived from variography.

Table S3. Average accretion and erosion metrics for two

groups of reef colonies identified within the 2500 m2

plot.

Table S4. Results of permutational analysis of variance,

testing for the effects of year, season and their interaction

on emergence within the 2500 m2 plot.
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