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Benthic drivers of structural
complexity in coral reefs
across a tropical-subtropical
transition zone
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Chia-Hung Eric Liu 1, Yoko Nozawa 3,4

and Vianney Denis 1,2*

1Institute of Oceanography, National Taiwan University, Taipei, Taiwan, 2Ocean Center, National
Taiwan University, Taipei, Taiwan, 3Tropical Biosphere Research Center, University of the Ryukyus,
Okinawa, Japan, 4Department of Marine Science, Faculty of Fisheries and Marine Science, Universitas
Diponegoro, Semarang, Indonesia
This study examines changes in structural complexity of coral reefs in a

tropical-subtropical transition zone and identifies the benthic factors

influencing their patterns. Structure-from-motion photogrammetry was used

to create digital elevation models (DEMs) and generate orthomosaic images for

25 study sites distributed across five coral reef regions along the east coast of

Taiwan. A selection of 11 complexity metrics was used to capture the overall

variations while benthic composition was described. It was found that fine-

scale complexity decreases with increasing latitude as the dominance of

intricate coral morphologies is replaced by plain zoanthids and crustose

coralline algae. Coarse-scale complexity, on the other hand, increases in

subtropical reefs with large boulders and unstable substrates, reflecting

unique topographic features in regions of lower coral cover and accretion.

Latitudinal variation in complexity is mostly driven by the turnover in benthic

composition. These changes alter the available habitats and could ultimately

affect the overall biodiversity and functionality of reef systems. Understanding

transitional patterns is particularly important as ocean warming may lead to a

reorganization of existing benthic communities in tropical-subtropical

transition zones.
KEYWORDS

scleractinian, crustose coralline algae, morphology, habitat, rugosity, photogrammetry,
high-latitude, coastal ecosystems
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1 Introduction

Coral reefs are biogenic three-dimensional structures that

provide habitats for many species to thrive and evolve (Graham,

2014; Graham and Nash, 2012; Sanna et al., 2023). The structural

complexity (hereafter complexity) of these habitats mediates

important ecological functions and services through its influence

on ecological processes such as herbivory, predation, and nutrient

cycling (Helder et al., 2022; Shantz et al., 2015; Syms and Jones,

2000; Verges et al., 2011). Furthermore, through its impact on

diversity, complexity is increasingly seen as a key indicator of reef

resilience (Dang et al., 2020), with application to reef restoration

efforts (Yanovski and Abelson, 2019).

As the primary architects of reefs, stony corals play an

important role in the variation of complexity. Thus, coral

richness, cover, and morphology have been found to be

significantly related to the complexity and extent of biotic

interactions within a reef. For instance, marine protected areas

that promote coral cover and richness have more complex reefs

compared to non-protected areas (Montero-Serra et al., 2019). In

contrast, global and local disturbances are responsible for reef

flattening through impact on corals, which can be observed at all

spatial scales from local to regional (Alvarez-Filip et al., 2009;

Bauman et al., 2022). Chronic stressors such as marine activities

(swimming, snorkeling, and scuba diving) have been shown to have

negative effects on reef complexity (Chen and Dai, 2021). Similarly,

coral bleaching can have pervasive effects on complexity due to

gradual erosion of calcium carbonate skeletons after coral death

(Roff et al., 2020). On the opposite end, other catastrophic events

such as typhoons often result in sudden and dramatic loss of

complexity after corals have been extirpated from benthic

communities (Pascoe et al., 2021; Yuval et al., 2023). Because of

their disproportionally high contribution to the complexity and

vulnerability to climate-related stressors in tropical areas, stony

corals have eclipsed the numerous abiotic and biotic drivers

responsible for the spatiotemporal variations in reef complexity.

Environmental factors play pivotal roles in shaping benthic

composition and contributing to observed benthic heterogeneity

along both disturbance and natural gradients (Lin et al., 2024;

Reverter et al., 2022; Roberts et al., 2015). In turn, communities can

vary in complexity depending on the organisms that compose them

(Richardson et al., 2017; Rovellini et al., 2024; Tebbett et al., 2020). For

example, in tropical areas regularly exposed to typhoons, resilient reefs

may exhibit low complexity characterized by a dominance of coral with

flattened morphologies (Ribas-Deulofeu et al., 2021). Similarly, in

habitats considered marginal to shallow tropical reefs, such as

mesophotic coral ecosystems, it is common to observe taxa other

than scleractinians that contribute heavily to the overall complexity

(Kahng et al., 2017). The same is true for non-reef environments such

as coralligenous habitats where octocorals can be at the origin of a

complex vertical stratification (Palma et al., 2018). Other canopy-

forming organisms of Marine Animal Forests are further well-known

as structurally analogous to scleractinian corals but thrive in other

environmental conditions (Rossi et al., 2017).

Quantifying the overall complexity of a habitat is elusive due to

the multifaceted nature of complexity, which manifests at different
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spatial scales (Yanovski et al., 2017) and spans a gradient from

micro- to macro- scale complexities (Ribas-Deulofeu et al., 2021).

Similarly, complexity is scale-dependent, making it challenging to

summarize with a single metric (Ribas-Deulofeu et al., 2021). In

benthic habitats, biotic and abiotic features all contribute to the

different facets of complexity that distinctively influence

biodiversity and ecosystem productivity interactions (González-

Rivero et al., 2017). Typically, sessile benthos tend to increase the

availability of microhabitats (Sarà, 1986), and associate with an

abundance of some small and specialized fish species (e.g. Munday

et al., 1997). Geologic features primarily shape large-scale

topographic features (Helder et al., 2022; McCarthy et al., 2022),

which can lead to higher biomass in large, high-trophic level fish

species (Aburto-Oropeza et al., 2015). High complexity can capture

both aspects and enhance fish biomass and abundance while

structuring food webs and boosting productivity (Rogers et al.,

2014). On coral reefs, the chain method has been traditionally used

to measure ‘linear rugosity’ (Risk, 1972), typically capturing

complexity at small to medium scales according to the size of the

link. Additionally, the scale of complexity determined from depth

gauge profiles (Dustan et al., 2013) can be adjusted using

polynomial functions on rugosity indices (Ribas-Deulofeu et al.,

2021). On the other end, visually scoring complexity of the seascape

remains common (Graham et al., 2015; Polunin and Roberts, 1993;

Wilson et al., 2007), while relying on suggestive perceptions of

micro- and macro-rugosity in the observer (Ribas-Deulofeu et al.,

2021). Besides linear rugosity, numerous metrics can be applied to

estimate the complexity of larger reef areas (Fukunaga and Burns,

2020; Mills et al., 2023). Digital elevation models (DEMs) generated

from three-dimensional (3D) benthic reconstructions using

Structure-from-Motion (SfM; Westoby et al., 2012) now allow the

simultaneous extraction of multiple metrics over large reef areas.

This ensures that complexity assessment does not rely solely on

single and small-scale indices. This approach has now imposed itself

upon the characterization of the multiple facets (Urbina-Barreto

et al., 2022) and benthic drivers (McCarthy et al., 2022) of

complexity. Most studies in coral reefs have focused on changes

in complexity metrics after catastrophic events such as coral

bleaching and other disturbances (Burns et al., 2016; Ferrari et al.,

2016), or along gradients of disturbances (Abdurrachman et al.,

2024; Chen and Dai, 2021; Lyons et al., 2015) negatively affecting

overall coral cover (Alvarez-Filip et al., 2009; Graham, 2014) or

particular coral morphologies (Magel et al., 2019). Less well known,

however, is the natural variation in complexity and its relationship

with benthic composition along environmental gradients, as

observed in the transition zones between tropical and temperate

latitudes. Indeed, many physical and biological factors such as

temperature, light, aragonite saturation, nutrient availability,

larval dispersal, and competition, can affect the composition of

the benthic assemblages across latitudes (Abrego et al., 2021; Lin

and Denis, 2019; Smale et al., 2010) which could ultimately affect

reef complexity.

To address these knowledge gaps, we investigated the

interaction between benthic composition and complexity along a

latitudinal gradient where benthic communities shift from a

dominance of scleractinian corals (tropical) to a dominance of
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crustose coralline algae (subtropical). Here, we first identified key

metrics to capture changes in complexity along latitudes and

between study regions. We then typified the differences in

complexity between tropical and subtropical zones, emphasizing

the contribution of taxa other than scleractinians to the complexity

in transition and non-coral reef areas. The results have improved

the understanding of the interplay between benthic composition

and complexity. Furthermore, the knowledge gained from this

study will be fundamental to better predict the ecological

consequences of reef habitat decline in tropical areas and their

expansion in subtropical areas.
2 Materials and methods

2.1 Study locations

The main island of Taiwan (21.9°N – 25.3°N) straddles the

biogeographical transition between tropical and subtropical

latitudes. While the general environmental context around Taiwan

is characterized by a decrease in mean sea surface temperature and

photosynthetically active radiation with increasing latitude (Denis

et al., 2019), the regional oceanography is complex. This complexity

arises in part from the interplay of seasonal currents, monsoons,

frequent summer typhoons, and anthropogenic factors that

significantly influence benthic communities and their associated

fish assemblages (Jan, 2018; Lin et al., 2022, 2024). From south to

north, tropical reefs characterized by high richness in scleractinians

and octocorals transition to non-reefal assemblages with fleshy and

coralline algae being more abundant. Contrasting benthic

compositions make Taiwan’s regions visually distinctive in terms of

structural complexity (Figure 1). A total of 25 sites (between 21.9 and

25.1°N) were selected in five coral regions along the east coast of

Taiwan (from south to north): Kenting (KT), Lanyu (LY), Ludao

(LD), East Coast (EC), and North Coast (NC) (Figure 2). KT is the

southernmost part of the main island of Taiwan. This region is

characterized by a relatively narrow and exposed tropical reef that

lines the coast. LD and LY are two oceanic and volcanic islands with

high coral cover and well-developed reef structures. EC, on the other
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hand, covers the largest latitudinal extent and includes a mix of

tropical and subtropical coral communities as typifying the transition

zone. The northernmost region, NC, hosts subtropical communities

with monthly average seawater temperatures dropping as low as

18.7°C and frequent cold waves in winter (Ribas-Deulofeu et al.,

2016). KT, LY, and LD are accretive whereas it is locally the case

along EC. NC is characterized by non-reefal coral assemblages. The

sites were selected based on previously published information on

their benthic composition (Lin and Denis, 2019; Hsiao et al., 2021;

Lin et al., 2022; 2024; Ribas-Deulofeu et al., 2016) and to ensure that

the regional heterogeneity was captured.
2.2 Field survey

At each site, we surveyed a 5 × 5 m quadrat randomly

positioned on low gradient slopes (< 30°) at a depth of 5 to 7 m.

The quadrat was delineated using ropes and PVC connectors to

ensure rapid deployment and uniform shape during dive. The

quadrat was georeferenced. A 3D object of known size (3D scale)

and RGB colored tiles were positioned in the quadrat to serve as

ground control points (GCP) for later 3D reconstructions.

Following Young et al. (2017), an action camera (GoPro Hero9)

was used to capture quadrat video using recommended settings, but

increasing the capture rate to 60 frames per second to maximize

image overlap. Video was captured by a diver progressing at a

constant speed following a double lawnmower’s path approximately

1 m above substrate. The path was extended ~1 m beyond the

boundaries of the quadrat to ensure sufficient coverage at

quadrat edges.

All surveys were conducted between April and September 2022.

During this period and within the depths surveyed, no signs of coral

bleaching or recent typhoon damage were observed.
2.3 Sfm 3D model reconstruction

Video image extraction and 3D reconstruction were processed

in Metashape v. 1.7.4 (Agisoft LLC, Russia). Two frames per second
BA

FIGURE 1

Seascapes illustrating differences in benthic composition and complexity in Taiwan. (A) Northern areas are characterized by subtropical communities
scoring low in visual complexity. (B) Southern areas are characterized by tropical communities scoring high in visual complexity. Photo credits:
Yuting V. Lin.
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were extracted from the videos and aligned to generate a high-

accuracy sparse point cloud. The resulting model was scaled and a

Euclidean coordinate system was established using the GCPs. The

sparse point cloud was then improved by optimizing camera

alignment. Finally, a dense cloud and a 3D mesh were created to

produce a digital elevation model (DEM) and an orthomosaic

image. The 3D models used 1394.5 ± 440.5 images in their

reconstruction. The reprojection error was low (0.58 ± 0.26 mm)

and GCP displayed an error of < 1 mm. Both DEMs and

orthomosaic images had resolutions of 0.88 ± 0.28 mm,

indicating good quality. After cropping, the delineated planar area

of quadrats measured was 23.79 ± 2.32 m2. Both DEMs and

orthomosaics were analyzed in QGIS 3.22.3 (QGIS Association,

https://www.qgis.org) to assess structural complexity and benthic

cover, respectively.
2.4 Complexity metrics

Eight metrics were used to represent the change in complexity of

DEM at fine (< 4 cm), medium (4 - 16 cm), and coarse (> 16 cm)

scales. The 16 cm resolution was used as a threshold for

distinguishing biotic and abiotic processes (Magel et al., 2019;

McCarthy et al., 2022). Information on terrain ruggedness index

(TRI), slope (S), vector ruggedness measure (VRM), profile (PROC),

and planform (PLC) curvatures were extracted at 4, 16, and 32 cm

and presented as mean values (TRI, S, and VRM) or absolute mean

values (PROC and PLC). Fractal dimension (D) was measured in a

series of intervals: 1 - 2 cm, 2 - 4 cm, 4 - 8 cm, 8 - 16 cm, 16 - 32 cm,

and 32 - 64 cm (Fukunaga and Burns, 2020; McCarthy et al., 2022). D

[1 - 64 cm] was further used as an overall indicator of DEM

complexity. Similarly, surface complexity (SC) and root-mean-

square height (Sq) were used as general estimators. They represent

the surface-area to planar-area ratio at 1 cm resolution and the
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standard deviation of heights estimated at 4 cm, respectively. The

extraction of these metrics from the DEM was performed using the

QGIS-plugins GRASS (Lacaze et al., 2018), GDAL (Ose, 2018) and

SAGA (Conrad et al., 2015) for terrain features. The resulting

complexity matrix described 25 quadrats with 24 different

combinations of metrics and scales (simply referred to as ‘metrics’

and given as ‘metric name [scale]’ in later text). Further information

on the meaning of these metrics and their measurement can be found

in the Supplementary Table S1.
2.5 Benthic covers

Benthic composition was determined by visually identifying

and delineating the types of substrates (abiotic) or organisms

(biotic) from the orthomosaic images. Identifications were first

made at the most precise taxonomic level possible, and

subsequently conservatively summarized into 29 benthic groups

representing ten major categories (Supplementary Table S2). Our

benthic groups distinguish algae into fleshy macroalgae (MA),

crustose coralline algae (CCA), and turf algae (TU). Seven hard

coral (HC), seven octocoral (OC), four sponge (SP), and one

zoanthid (ZO) categories were considered according to the

morphology of the colonies observed on the orthomosaics. Note

that Heliopora spp. (Order Scleralcyonacea), Millepora spp. (Order

Anthoathecata), and Tubipora spp. (Order Malacalcyonacea) are

considered here as HC in addition to all Scleractinia. Other biotic

categories include ascidian (AS), corallimorpharian (CO), sea

anemone (AN), and motile life (OL). No morphology was

assigned to AS, CO, and AN due to their small size on

orthomosaics and tendency to all be encrusting. The abiotic

category includes two substrate groups: stable (as bare stable

substrate, BSS) and unstable (US). Finally, marine debris (MD)

includes all natural and artificial debris observed on the
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FIGURE 2

Study regions and sites. (A) Locations of the five regions selected along the east coast of Taiwan and sampling sites for (B) East Coast, (C) North
Coast, (D) Ludao, (E) Lanyu, and (F) Kenting. Background sea surface temperatures in (A) are yearly average for the 1985 to 2019 period, derived
from NOAA Global Coral Bleaching Monitoring (monthly composite, 5 km resolution), and obtained from NOAA ERDDAP (https://
coastwatch.pfeg.noaa.gov/erddap/index.html).
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orthomosaics. The cover of each benthic group was calculated as the

total area occupied by this group divided by the delineated total

planar area of each plot minus the minor contributions of OL and

MD. The resulting benthic matrix resulted in 25 quadrats described

by percent cover in 27 benthic groups.
2.6 Data analysis

For the complexity matrix, Pearson correlations were computed

among metrics. A stepwise selection was conducted using the variance

inflation factor (VIF) to remove variables with severe collinearity (VIF

> 10; Forthofer et al., 2007) and retain only the most relevant set of

metrics to describe changes in complexity. This resulted in a reduced-

complexity matrix that was used to test for regional differences using a

permutational multivariate analysis of variance (PERMANOVA; 9,999

permutations) applied to Euclidean distances among sites. Pairwise

PERMANOVA comparisons were used to interpret significant

differences after adjusting p-values using the Benjamini-Hochberg

method. Finally, each metric was tested for latitudinal variation

(Pearson correlation) and regional differences (Kruskal-Wallis test

followed by Dunn’s pairwise post-hoc tests). The latter tests were also

used to compare regional differences within benthic categories and

groups. The benthic matrix was Hellinger-transformed and

multivariate regional differences in quadrat composition tested using

a PERMANOVA (999 permutations) followed by a pairwise

comparison test as previously described.

To identify the benthic drivers of complexity and prevent

overfitting, we select benthic variables to be included in the final

model through a three-step process. First, a benthic variable was only

considered if it occurred in more than half of the quadrats (e.g., sparsity

< 0.5, 14 out of the 27 benthic groups). Each complexitymetric was then

modelled individually with the retained variables using a leave-one-out

cross-validation (LOOCV) approach (Friedman et al., 2010) to confirm

their importance in explaining different facets of complexity. Finally, a

redundancy analysis (RDA) was employed to explain complexity in the

light of the selected benthic variables (Hellinger-transformed). Benthic

variables with the highest VIF were removed sequentially until none of

the benthic variables displayed severe collinearity. A permutation test

with 5,000 iterations was then conducted to assess the explanatory

power of the final model, the contribution of axes in explaining variation

of complexity among quadrats.

All data analyses were performed in R.4.3.0 (R Core Team,

2023) using the packages corrplot (Wei et al., 2021), glmnet (Tay

et al., 2023), pairwiseAdonis (Martinez, 2023), PMCMRplus

(Pohlert, 2022), Rcompanion (Mangiafico, 2023), usdm (Naimi

et al., 2014), and vegan (Oksanen et al., 2022).
3 Results

3.1 Structural complexity and
benthic composition

Some of the 24 complexity metrics show high correlations

(Supplementary Figure S1), and the reduced-complexity matrix
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(VIF selected) retains only 11 metrics. Within the selected

metrics, four: VRM [4 cm], PLC [4 cm], D [1 – 2 cm], and D

[2 – 4 cm]) capture complexity at fine-scale; three capture

complexity at medium-scale: PLC [16 cm], D [8 -16 cm], and D

[16 – 32 cm]; and three PROC [32 cm], PLC [32 cm], and D [32 –

64 cm] capture complexity at coarse-scale. Sq describes the overall

complexity. Complexity differs among regions (PERMANOVA: F =

2.15, p < 0.01; Supplementary Table S3). Pairwise comparisons

(Supplementary Table S3) reveal overall complexity at EC to be

significantly different compared with both NC (PERMANOVA: F =

3.90, p < 0.05) and LY (PERMANOVA: F = 4.84, p < 0.05). D [1 – 2

cm], and D [2 – 4 cm] decline with increasing latitude (Pearson

correlations: r = -0.54, p < 0.01 and r = -0.52, p < 0.01, respectively;

Figures 3A, B). D [1 - 2 cm], PROC [32 cm], and D [32 - 64 cm]

further show regional differences (Kruskall-Wallis tests: c2 = 12.13,

p < 0.05; c2 = 11.75, p < 0.05; c2 = 6.42, p < 0.05; Figures 3C–E),

with D [1 – 2 cm] lower in NC than in LY (Dunn’s test: p < 0.05),

and PROC [32 cm] higher in EC than in LY and NC (Dunn’s tests:

p < 0.05). Despite the main test being significant, no significant

differences are detected for D [32 – 64 cm] in the following

multiple comparisons.

Regional composition in benthic categories is presented in

Figure 4, with details on benthic groups available in

Supplementary Table S4. The abiotic category dominates all

regions (49 ± 22 to 58 ± 19%) but LD (33 ± 17%). Among the

biotic categories, hard coral shows the highest cover in all regions,

ranging between 25 ± 19% at EC and 55 ± 12% at LD. As for

regional distinctions, only algae (Kruskall-Wallis test: c2 = 9.95, p <

0.05) and zoanthid (Kruskall-Wallis test: c2 = 12.17, p < 0.05)

categories show regional differences. Yet only the latter presents

significant differences in the following pairwise comparisons, which

distinguishes NC (7 ± 13%) from KT (0 ± 0%; Dunn’s test: p < 0.05).

Despite large intraregional variability, benthic composition

significantly varies among regions (PERMANOVA: F = 1.80, p <

0.001; Supplementary Table S3), and subsequent pairwise

comparisons show significant differences, with the exception of

LY-KT, LY-EC, and KT-EC (Supplementary Table S3).
3.2 Constrained variation in
benthic complexity

The LOOCV approach confirms that all pre-selected benthic

groups (14 variables with sparsity < 0.5) are important in explaining

at least one of the 11 retained complexity metrics (Supplementary

Table S5). It varies between two extreme cases, with none of the

benthic variables retained in explaining the metric (PLC [4 cm], D

[8 – 16 cm], and PLC [32 cm]), and eight of the 14 benthic variables

retained for D [2 - 4 cm].

BSS was removed following stepwise VIF selection in the RDA

model. The final RDA (Figure 5) is significant (p < 0.01) and

captures up to 34% of the total variance (adjusted-R2). With the

exception of encrusting HC, most of the explanatory variables

appear to contribute to RDA1 (28.8%; p < 0.05). In particular,

bushy HC, arborescent HC, and diverse morphologies in OC appear

to typify tropical regions, together with an increase in fine-scale
frontiersin.org
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complexity metrics. In contrast, NC is characterized by CCA and to

a lesser extend by TU and encrusting ZO. Along RDA2 (16.4%), the

contribution of US distinguishes EC, which is accompanied by an

increase in coarse-scale metrics. Massive HC, encrusting HC,

arborescent HC, bushy HC, bushy OC, CCA, TU, and fleshy MA

also make a substantial contribution to RDA2; yet this axis is not

significant. Arborescent HC (p < 0.01), massive HC (p < 0.05), and

MA (p < 0.01) are significant in interpreting the variation of

complexity between sites.
4 Discussion

This study investigates the biotic drivers of benthic complexity

in a transition area spanning tropical and subtropical assemblages.

A set of structural metrics is selected to capture variations in benthic

complexity across latitude. A decrease in fine-scale complexity with

increasing latitude is associated with an increased benthic

contribution of zoanthids and CCA, along with a loss of corals

characterized by intricate—mainly branching—morphologies. The
Frontiers in Marine Science 06
presence of unstable substrate negatively influences fine-scale

complexity, but was positively related to coarse-scale complexity,

which is linked to regional specificities in topographic features and

the presence of large boulders at some sites. Overall, this study sheds

light on the variations in complexity along latitudinal gradients and

highlights the benthic organisms that play central roles in driving

these changes. Importantly, these shifts in complexity may be partly

related to the distinct environmental conditions in tropical and

subtropical regions, making it crucial to differentiate them from

changes in complexity observed along disturbance gradients.

Many metrics are relevant for measuring reef complexity

(Fukunaga and Burns, 2020; Remmers et al., 2024). The choice of

metrics is often subjective, with studies typically focusing on a

limited number of metrics and scales (e.g. Asner et al., 2021; Chen

and Dai, 2021). These metrics can describe changes in complexity

along spatial gradients of disturbance (Chen and Dai, 2021; Magel

et al., 2019) or along temporal shifts from coral to turf algae

dominance, as observed following coral bleaching and subsequent

mortality (Graham et al., 2006; Roth et al., 2018). Selecting

appropriate metrics is particularly relevant when anticipating the
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FIGURE 3

Latitudinal and regional variations in complexity metrics. (A, B) Changes in D [1-2 cm] and D [2-4 cm] along latitudes. (C–E) Regional differences in
D [1-2 cm], PROC [32 cm], and D [32-64 cm]. Significant pairwise comparisons (Dunn’s test) are indicated using asterisks: p < 0.05 (*), p < 0.01 (**).
Colors correspond to different regions.
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FIGURE 4

Regional comparison of benthic category covers. Horizontal bars represent the mean percentages of benthic covers with standard deviations.
Significant differences between regions are indicated with the results of Kruskal-Wallis tests. Significant differences detected from following pairwise
comparisons are displayed with vertical line and asterisk indicating significance level (p < 0.05 being represented by *). For algae, no significant
differences are detected in subsequent multiple pairwise comparisons despite the main test being significant.
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FIGURE 5

Redundancy analysis (RDA) showing the relationships among structural complexity metrics (11 metrics) and benthic groups (13 variables). Biplot is displayed at
type 2 scaling. Details on the abbreviations of complexity metric and benthic groups are provided in the text as well as in Supplementary Tables S1, S2.
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loss of specific taxa (e.g., stony corals or corals of particular

morphologies) that contribute to certain facets of complexity.

However, when capturing the multiple aspects of reef complexity

arising from various taxa (e.g., Rovellini et al., 2024; this study),

careful consideration of the appropriate metrics is key to describing

turnover in organisms potentially associated with changes in reef

structure. Here, 11 metrics are identified as relevant for describing

changes in complexity from tropical coral reefs to subtropical coral

communities. Our approach removes redundant information

present in certain metrics, and the selected set acknowledges

structural complexity at different spatial scales. Thus, fine,

medium, and coarse scale metrics are represented, capturing

seascape variations affected by changes in benthic taxa abundance

and environmental setting.

The variation in structural complexity across latitudes is

influenced by both biotic and abiotic factors. On one hand, fine-

scale complexity decreases with the decline of intricate coral

morphologies and emergence of other sessile taxa at higher

latitudes. This pattern, driven by natural shifts in community

composition along the latitudinal gradient (Lin et al., 2022),

appears to be independent of any loss of coral cover due to

disturbances. In our case, this is best captured by the variations in

metrics D [1-2 cm] and D [2-4 cm], which indicate a loss of

microhabitats along the tropical-subtropical transition. On the

other hand, regional topographic features become more

pronounced in areas of lower coral cover and accretion, where

boulder fields are interspersed with sand. PROC [32 cm] is the

metric of choice here to capture this feature, which reveals regional

differences but does follow a clear trend in latitudes. This pattern

aligns with previous studies identifying biotic components as the

main source of fine-scale rugosity, while coarse-scale rugosity is

predominantly shaped by geological settings (McCarthy et al., 2022;

Ribas-Deulofeu et al., 2021).

Healthy tropical reefs typically host a rich diversity of coral species

with various morphologies, among which branching forms often

dominate shallow waters (Tamir et al., 2019) and contribute to high

fine-scale complexity (Rovellini et al., 2024). The decline of these

branching forms, which are particularly sensitive to heat stress and

bleaching, is associated with structural flattening and the global

degradation of coral reefs. However, in tropical systems exposed or

regularly impacted by typhoons, reefs may naturally appear ‘flat’ due to

the dominance of corals with flattened morphologies (Ribas-Deulofeu

et al., 2021). Similarly, at mesophotic depths where light attenuation is

significant, encrusting to foliose morphologies tend to dominate

(Pérez-Castro et al., 2023). In ‘marginal’ reefs at high latitudes

(Schoepf et al., 2023), where environmental conditions depart from

tropical ones, massive, foliose, and/or encrusting corals often dominate

while species possessing intricate morphologies are largely absent

(Sommer et al., 2014). Besides the intrinsic limitations of these

species in withstanding subtropical environments, other factors such

as competition for space with other sessile organisms (Abrego et al.,

2021; Reimer et al., 2021) likely play a key role in the shift in structural

complexity observed at higher latitudes.

Also influenced by reef exposure (Rabelo et al., 2015; Steneck,

1986), zoanthids and CCA are commonly distributed in subtropical

coral assemblages (Lin and Denis, 2019; Lin et al., 2024; Reimer
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et al., 2021). While CCA can locally contribute to reef accretion and

form large algal reefs (e.g., Taoyuan algae reef in Northwest Taiwan;

Dai et al., 2009), CCA and other turf algae typically overgrow rocky

surfaces, forming thin sheets that follow substrate contours. They

contribute little to fine-scale complexity but their presence is

associated with an increase in coarse-scale complexity when

boulders are present. This feature is also associated with an

increase in unstable substrate on the East Coast because sand

tends to accumulate around large boulder rocks. Thus, from the

perspective of fine-scale complexity, a reef ‘flattening’ is observed

with increasing latitude. However, this pattern substantially differs

from complexity changes observed along sequences of degradation,

as it is driven by a turnover between tropical and subtropical

species, with topographical features becoming more prominent as

coral accretion diminishes. Although the changes in complexity

appear to align with known environmental and natural gradients,

we cannot completely disregard the potential influence of land-use

drivers, which are known to contribute to widespread coastal

degradation in Taiwan (Lin et al., 2024) and as observed in other

reefs with human footprint (e.g. Lybolt et al., 2011). For some taxa,

their response to stress may be confounded with their biogeography

(e.g. branching corals). This emphasizes the importance of

disentangling the effects of temperature, light and other

environmental factors that are often confounded with latitudinal

changes in complexity. To address this, examining changes in

complexity across depth gradients can provide valuable insights,

as light becomes the primary driver of variation at both the

individual (morphology; López-Londoño et al., 2024) and

community (composition; López-Londoño et al., 2022) levels.

Understanding the drivers of structural complexity across latitudes

is crucial for effective reef management and conservation, especially in

the face of climate change. The observed shift in benthic complexity,

driven by changes in species composition and regional topography,

suggests that reefs in biogeographic transition zones may respond

differently to environmental stressors compared to tropical reefs in

terms of structural complexity. These findings highlight the importance

of tailoring conservation strategies to specific latitudinal contexts (Lin

et al., 2024). For instance, the dominance of zoanthids and CCA in

subtropical reefs may indicate a natural shift towards more resilient, yet

less complex reef structures. However, this ‘flattening’ could reduce the

habitat complexity that many tropical species depend on, potentially

leading to declines in biodiversity across latitudes as well as different

functions and services associated with these marginal systems.

Therefore, conservation efforts should consider the unique biotic and

abiotic factors shaping reef complexity in these regions, and prioritize

actions that maintain or enhance structural complexity, which is vital

for supporting local diversity and ecosystem functions. A key question

in restoration is whether transplanting species that contribute little to

structural complexity is ecologically relevant, especially if core reef

functions like growth and habitat creation are not directly influenced

by the corals being targeted (Bellwood et al., 2024). Although branching

species are often selected for restoration projects for reasons of

practicality (Boström-Einarsson et al., 2020), they would be far from

ideal for use in subtropical regions as characterized here. Interestingly,

branching corals, once transplanted in these conditions appeared to be

more sensitive to predation and far less successful than encrusting
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(Carballo-Bolaños et al., 2024). Additionally, monitoring the transition

from tropical to subtropical assemblages will be key to predicting and

mitigating the impacts of climate change on reef ecosystems, ensuring

the long-term resilience of these critical habitats.

In linking the complexity matrix to reef composition, several

non-reef building taxa or categories are associated with specific

facets of the structural complexity. Unfortunately, as in many other

studies, actual contributions to complexity and indirect associations

cannot be distinguished, such as the presence of unstable substrate,

which is associated with an increase in coarse-scale complexity.

Regional estimates of calcification rates in various reef-building taxa

could improve future modeling of reef habitat expansion. Increasing

the number of sampling sites and long-term monitoring at some

sentinel stations would be a major improvement (Denis et al., 2020),

but the manual and detailed annotation of the orthomosaics is a

significant limitation. AI-assisted annotation tools, such as TagLab

(Pavoni et al., 2022), offer promising prospects for fast and accurate

automated semantic segmentation over larger photogrammetric

plot extent. This could partially help uncover the drivers behind

the portion of unexplained variance that remains to be addressed.
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