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implement methods sufficient to document changes to the 
vertical dimension of coral reefs. Here we build on previ-
ous work to document the canopy effect in coral-dominated 
ecosystems and propose a new survey approach suitable 
for implementation in algal-dominated systems. A verti-
cally stratified transect, modified from a traditional point 
intercept transect, captures benthic and canopy-forming 
members of reef communities and provides information on 
three-dimensional complexity. To test the capability of the 
new method to detect changes in vertical reef structure, sea-
weed was removed from experimental quadrats and moni-
toring techniques were applied before and after four months 
of regrowth. A stratified method more accurately captured 
the three-dimensional change resulting from algal canopy 
growth, while resolving the over- and under-representation 
of algal biomass in two traditional techniques. We propose 
that a stratified transect method improves abundance esti-
mates of canopy-forming organisms whilst maintaining data 
compatibility with traditional methods.

Keywords Canopy effects · Coral reef monitoring · 
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Introduction

Coral reefs are inherently complex structures, playing 
host to a diverse array of organisms. Physical complexity 
is principally constructed by scleractinian corals, whose 
three-dimensional structure is directly linked to biodiver-
sity through the creation of multiple overlapping spatial 
and ecological niches (Kiessling et al. 2010; Graham and 
Nash 2013). However, habitat complexity is one of many 
attributes of tropical coral reefs that are negatively impacted 

Abstract On the Great Barrier Reef (GBR), persistent 
changes to reef communities have begun to be documented, 
and on inshore reefs these shifts may favour the prolifera-
tion of macroalgae. Critical to understanding changes to reef 
community structure in response to anthropogenic impacts 
is developing effective methods to accurately document the 
abundance of different reef organisms. Effective monitor-
ing must be time and cost efficient, replicable, and able 
to sufficiently and accurately detect disturbances to allow 
development of strategies to mitigate their impacts. Tradi-
tional techniques to document coral reef communities (i.e. 
photo-quadrats, benthic intercept transects) rely on planar 
views, which tend to either over- or under-represent canopy-
forming organisms. As canopy-forming organisms are likely 
to be affected by anthropogenic influences (corals negatively, 
algae positively), it is essential for monitoring programs to 
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by anthropogenic disturbances (Alvarez-Filip et al. 2009; 
Graham 2014). High seawater temperatures and decreased 
pH threaten the calcification processes and survival of reef-
building corals (Harvey et al. 2013; Cornwall et al. 2021). 
Combined with increased storm intensity (Knutson et al. 
2010), disease, and predators such as crown-of-thorns star-
fish (De’ath et al. 2012), these processes have the potential 
to reduce complexity of reef structures, with a subsequent 
loss of biodiversity (Newman et al. 2015). The loss of live 
corals through storms and bleaching is often followed by 
reduced larval supply (Edmunds et al. 2018; Hughes et al. 
2019) and hence with shorter periods between disturbances, 
the potential for natural recovery is diminished.

On near-shore reefs, local influences can also have det-
rimental effects on reef structure, where changes in water 
quality due to coastal development and land use practices 
can result in increased sedimentation and eutrophication, 
further impacting coral health and driving changes in eco-
system function (Lam et al. 2018; Otaño-Cruz et al. 2019). 
Many inshore reefs of Australia’s Great Barrier Reef (GBR) 
are exposed to the challenges posed by coastal development 
(i.e. high sediment and nutrient runoff; De’ath and Fabricius 
2010), conditions which can lead to an increase in macroal-
gae, particularly Sargassum, at the expense of corals (De’ath 
and Fabricius 2010; Ceccarelli et al. 2020). Increased abun-
dance of macroalgae on the GBR follows a seasonal growth 
curve, with large “blooms” of Sargassum through the Aus-
tral summer leading into a late summer reproductive period 
(Vuki and Price 1994). Stands of macroalgae can form dense 
thickets, with the canopy growing to over a meter above the 
sea floor. Summer growth and reproduction is followed by 
tissue degeneration and senescence in winter, leaving peren-
nial, persistent, bare thalli through the colder months (Vuki 
and Price 1994). While seasonal changes in algal abundance 
are natural in many reef systems, persistent dominance of 
macroalgae is one attribute that is characteristic of degraded 
reefs, where community shifts favour the establishment of 
fast-growing, highly tolerant species (Hughes 1994). Fur-
thermore, where Sargassum has established and persists 
outside of seasonal growth cycles, it is difficult to reverse, 
with biological, chemical, and physical feedback mecha-
nisms reinforcing the continued recruitment and growth of 
the alga (River and Edmunds 2001; Box and Mumby 2007; 
Mumby 2009; Rasher et al. 2011; Loffler and Hoey 2018).

The structural complexity of reefs naturally inhibits 
exhaustive documentation of all organisms present within a 
given area, especially within ecosystems with pronounced 
canopies. However, survey methods should aim to under-
stand changes in community composition and three-dimen-
sional structure. Throughout the 1900s, development and 
testing of survey methods was widespread, with broad 
interchange of ideas between terrestrial and marine systems 
(Canfield 1941; McIntyre 1953; Heady et al. 1959; Loya 

1978; Weinberg 1981). In the mid 1900s, these traditional 
assessment techniques began to be applied within marine 
systems, and by the late 1900s certain methodologies pre-
dominated in reef ecology studies (e.g. the line or point 
intercept transect and quadrat methods) and these remain in 
widespread use today (Supplementary Table 1). Over recent 
decades there has been a transition in benthic monitoring 
programs from visual in situ surveys towards digital photo 
or video capture, or even satellite imagery, with subsequent 
analysis by the human user or artificial intelligence algo-
rithms (Beijbom et al. 2015; Hedley et al. 2016; Williams 
et al. 2019; Nunes et al. 2020). However, similar to tradi-
tional methods, these techniques largely rely on a planar 
view. Recent technological advances have been applied by 
contemporary researchers in attempts to rectify this known 
issue, with three-dimensional photogrammetry becoming 
more common in reef monitoring programs (Burns et al. 
2015; Casella et al. 2017; Rossi et al. 2020; Kornder et al. 
2021). Like other digital techniques, photogrammetry can 
be expensive, relies on specialist equipment, and has limited 
backwards-compatibility with traditional survey techniques. 
Furthermore, because of their fleshy, canopy-forming mor-
phology, complex and varied macroalgal growth forms pre-
sent a particular challenge to both traditional in situ and 
newer 3D digital reef monitoring methods. As such, devel-
opment of standard procedures to capture algal biomass in 
reef monitoring has been highlighted as essential to gain a 
more nuanced understanding of global reef health (Obura 
et al. 2019).

A common feature among almost all frequently used 
methods to assess reef benthic community assemblages 
is the use of a planar view. This two-dimensional view is 
problematic as it over-represents canopy-forming organisms 
and can skew documentation of the true benthic cover. For 
example, just as an aerial survey of a rainforest would not 
allow for identification of small shrubs, measuring benthic 
cover in canopy-forming reefs using a planar view obscures 
the true diversity of the system. To address this, Goatley 
and Bellwood (2011) proposed a chain transect method to 
more fully capture the rigid canopy formed by scleractinian 
corals as well as the organisms underneath, which would be 
capable of documenting the structural loss of coral canopies. 
However, where coral-based structural complexity is already 
jeopardised and soft-bodied organisms form canopies, the 
chain method is not feasible. For example, on algal domi-
nated reefs, such as those common in the Caribbean and 
reported at some inshore reefs of the GBR, a planar view 
would over-represent algae, while a chain transect method 
would flatten the non-rigid algal biomass. Since a change in 
the vertical structure of an ecosystem is expected in response 
to ecological and environmental change (Bozec et al. 2015), 
it is critical to capture this portion of the reef community in 
benthic reef assessments.
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Canopy-forming macroalgae have been identified as a 
key indicator of low reef resilience (McClanahan et al. 
2012; Donovan et al. 2021), hence it is necessary to accu-
rately capture their biomass to understand reef dynam-
ics. However, scientific assessments often do not provide 
sufficient detail to incorporate their vertical dimension, 
and this is also true for the underlying manuals. In a web 
search of 20 reef monitoring manuals published between 
1994 and 2020 (Supplementary Table 1), 18 (90%) did 
not clarify how canopy-forming species (both rigid and 
soft-bodied) were handled in the data collection. Of the 
two monitoring manuals that did specify how to handle 
canopy-forming species, one instructed the observer to 
ignore the canopy (Almada-Villela et al. 2003), while the 
other allowed for up to 300% cover to be calculated (Reef 
Watch Community Monitoring Program 2004). Depending 
on the season of data collection, this precludes meaningful 
comparisons between datasets, and may potentially skew 
benthic patterns. Here we propose a vertically stratified 
transect method, which improves on capturing three-
dimensionality of layered ecosystems, whilst not signifi-
cantly increasing data collection time in situ and therefore 
cost. We contrast this with previously proposed techniques 
for capturing canopy effects on coral-dominated reefs (i.e. 
chain transect; Goatley and Bellwood (2011)). Whilst 
in using the chain technique it is assumed that a coral 
canopy is overrepresented (Goatley and Bellwood 2011), 
here we propose that an algal canopy is under-represented 
when using traditional techniques (i.e. benthic surveys 
in historical data push algae aside and record organisms 
underneath). The stratified method is suitable for detecting 
increased macroalgal biomass in a state of reef decline, but 
is equally applicable to detect reef recovery, measured by 
an increase in rigid canopy-forming scleractinians.

Materials and Methods

This study was conducted in Florence Bay at Magnetic 
Island (− 19° 7′ 15″, 146° 52′ 52″), a reef that has low coral 
cover and high macroalgal abundance (Ceccarelli et  al. 
2020). Six 25  m2 quadrats were established (Supplemen-
tary Fig. S1), and all macroalgae within the quadrats were 
removed by hand to simulate a low algal biomass (i.e. zero 
canopy) baseline. Transect tapes were laid across both diag-
onals of each 25  m2 quadrat to record reef communities, 
resulting in a 14 m transect per quadrat (7 m per diago-
nal). Data were collected in October 2019 immediately after 
removing macroalgae, and again in March 2020 at the end 
of the high algal growth season.

A diver swam along the transect tape laid across the 
reef-scape and recorded the organism(s) directly below 
every 50 cm (excluding the starting point of the tape), 
identified to genus level. A single observer recorded all 
data to minimise bias in individual variation. Observa-
tions were made at two points in space and recorded as 
the “Canopy” and “Benthic” point intercept transects. A 
Canopy transect point was recorded only if there was an 
obstructing organism, and the Benthic point was recorded 
as the benthos occurring below the algal canopy. Where 
an obstructing Canopy was not present, the Benthic sub-
strate equivalent was recorded in the Canopy dataset. For 
the Benthic transect, macroalgae were only recorded if 
the transect directly intersected the holdfast, otherwise the 
thallus was swept aside to reveal the benthic cover below 
(Fig. 1). Data were collated as counts per organism cat-
egory in each of the Canopy, Benthic, and “Combined” 
transects, whereby the Canopy transect represents a pla-
nar view (i.e. equivalent to photo-quadrat data), the Ben-
thic transect represents a typical point intercept transect 

Fig. 1  Schematic of the strati-
fied transect method. In this 
example, the canopy transect 
(equivalent to a photo-quadrat 
or photo-transect) percent cover 
would be calculated as 33% 
Sargassum, 50% coral, and 17% 
rubble (n = 6 data points; use 
“benthos” points where a can-
opy does not exist). The benthic 
transect would be calculated 
as 17% Sargassum, 33% coral, 
17% sponge, and 33% other; 
n = 6 data points. The combined 
transect would be calculated 
as 22% Sargassum, 44% coral, 
11% sponge, and 22% other; 
n = 9 data points
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(PIT) recording only the benthic cover, and the Combined 
transect uses all organisms recorded on both levels. For 
example, a 14 m transect consists of a minimum of 28 
and a maximum of 56 possible points (28 Benthic points 
and 0–28 Canopy points) depending on the abundance of 
canopy-forming or obstructing organisms. Percent cover 
of each benthic category was calculated for each transect 
type in order to test the method. Percent cover calculations 
for the Combined transect were made by pooling all points 
across the two strata. Substrate categories included hard 
corals, Sargassum, other algae (including turfs), sponges, 
crustose coralline algae, and “other” substrata including 
sand, rock, loose rubble, and dead coral (i.e. where the 
intact skeleton had not broken down into small pieces of 
loose rubble).

The change in Sargassum cover per transect type was 
evaluated using a generalised linear mixed effects model 
with a beta distribution and logit link function, with the 
interaction between time point (i.e. October and March) 
and transect type as the fixed effects, and quadrat as a 
random effect. Planned contrasts were used to determine 
significant differences between transect types. Commu-
nity diversity was evaluated using the Shannon diversity 
index. A generalised linear mixed effects model with a 
Gamma distribution and log link function were used to 
explore differences in Shannon diversity between transect 
types at the two time points. Model fit and assumptions 
were evaluated using simulated residual plots and tests of 
dispersion, which were satisfactory in all cases. Planned 
contrasts were used to determine significant pairwise dif-
ferences in diversity. The difference in overall community 
structure per transect type in March was visualised using 
a constrained redundancy analysis performed on a Bray 
Curtis distance matrix calculated from Wisconsin-trans-
formed count data. The benthic groups with the highest 
eigenscores contributing to the discrimination were super-
imposed on the biplot to visualise the contribution of each 
group towards separation of the data clouds. To determine 
if community composition varied between transect types 
in March, the same distance matrix was used for permuta-
tional multivariate analysis of variance (PERMANOVA) 
based on transect type, blocked by quadrat, run with 9999 
permutations. Post-hoc pairwise comparisons were signif-
icance-adjusted using the Bonferroni correction for multi-
ple comparisons. Community stratification was evaluated 
using the percentage of transect points with more than one 
layer to provide a simple index of three-dimensional com-
plexity. All analyses were performed in R version 4.0.2 
(R Core Team 2021) using the packages pairwiseAdonis 
(Martinez Arbizu 2020), vegan (Oksanen et al. 2020), 
MuMIn (Bartoń 2020), DHARMa (Hartig 2021), glm-
mTMB (Brooks et al. 2017), and emmeans (Lenth 2021), 
and visualised with ggplot2 (Wickham 2016).

Results

Removal of algae from the six experimental quadrats yielded 
15.4 ± 2.4 kg (mean ± SE) of wet weight algal biomass per 
quadrat. Surveys immediately following removal of algal 
biomass recorded no canopy-forming organisms, so the 
baseline transects (i.e. Benthic, Canopy, and Combined) 
were identical within each quadrat. In October, five algal 
genera, four hard coral genera, sponges, and two “other” 
benthic substrata (i.e. rubble, sand) were detected across all 
quadrats regardless of transect type. In March, eight algal 
genera, five hard coral genera, sponges, and three “other” 
benthic substrata (i.e. rubble, sand, dead coral) were detected 
across all quadrats regardless of transect type (Supplemen-
tary Fig. S2 and Supplementary Table 2).

Trends in broad benthic categories showed distinct differ-
ences between transect types (Fig. 2). For example, between 
October and March, Sargassum displayed a 94-fold increase 
in percent cover in Canopy transects (56.3% cover; z = 6.19, 
p < 0.001) and a 58-fold increase in Combined transects 
(35.4% cover; z = 5.15, p < 0.001). The Benthic transect 
recorded a threefold increase in Sargassum cover, though 
remained below 2% cover (z = 0.94, p = 0.35). Planned con-
trasts of estimated marginal means further revealed that 
the Canopy and Combined transect types detected signifi-
cantly different levels of Sargassum cover in March (df = 34, 
t = 3.68, p < 0.001). Hard coral cover declined in all transect 
types, with the Benthic transect recording 15% loss, the Can-
opy transect recording 70% loss, and the Combined transect 
showing 44% loss (Fig. 2). Despite variations in the percent 
cover of each benthic group between the Benthic and Com-
bined transect types, both of these transects recorded similar 
endpoint community diversity (Shannon Diversity Index; 
t = − 0.24, df = 34, p = 0.8; Fig. 3A). In contrast, the Com-
bined transect type recorded significantly higher diversity 
compared to the Canopy type (t = 4.37, df = 34, p < 0.001; 
Fig. 3A). The Canopy transect type showed declines in 
hard coral, other substrata, and other algae, however these 
declines in percent cover and community diversity are likely 
artificial due to the considerable rise in Sargassum obstruct-
ing the benthos below, rather than reflecting actual coral 
mortality or benthic changes.

Community composition in March varied significantly 
between transect types (PERMANOVA; df = 2, F = 1.75, 
p < 0.001; Fig. 3C), which was driven by a significant pair-
wise difference between Canopy and Benthic transect com-
munities (df = 1, F = 2.56, adjusted p = 0.048). Pairwise 
comparisons showed no significant differences in com-
munity structure between Canopy and Combined transects 
(df = 1, F = 1.36, adjusted p = 0.71) or between Benthic and 
Combined transects (df = 1, F = 1.28, adjusted p = 0.91). 
Loading vectors for Sargassum, Montipora, Goniopora, 
Acropora, and Cyphastrea had the five highest eigenvalues 
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Fig. 2  Trends in broad benthic 
categories from October to 
March for each transect type. 
Ribbons represent 95% confi-
dence intervals based on the 
generalised linear mixed effects 
model

(a) (b)

(c)

Fig. 3  a Shannon Diversity Index of Canopy, Benthic and Com-
bined transect types. b Generalised linear mixed effect model predic-
tions for Sargassum percent cover over time for three different tran-
sect types. Points are raw data, ribbons represent a 95% confidence 

interval. c Redundancy analysis of community composition based on 
Bray–Curtis distance matrix, with ellipses representing 90% confi-
dence intervals for each of three transect types
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associated with the two axes, with high Sargassum cover 
associated with the negative side of the first principal com-
ponent, and consistent with the Canopy transect data cloud 
position (Fig. 3C). The stratification index (i.e. percent of 
point intercepts with multiple strata) using the Combined 
transect type, increased from no stratification in October to 
59% stratification in March. Less than 1% of the stratifica-
tion was from hard coral strata, with the remainder repre-
senting algal canopy growth.

Discussion

As environmental disturbances continue to cause structural 
changes to reefs globally, effective ecological monitoring 
techniques are vital to document and understand result-
ing changes in community composition. The influence of 
canopy-forming organisms on monitoring data can funda-
mentally skew our perception of reef ecology. As changes 
in canopy components of reefs are expected with climate 
change (i.e. decreased coral and increased macroalgae), 
and these community members respond differently to dis-
turbances (Wilson et al. 2012; Roff et al. 2015; Loffler and 
Hoey 2018; Mellin et al. 2019), methods must be developed 
to minimise bias when monitoring coral reef communities. 
Simultaneously, there has been a considerable increase in 
reef rehabilitation research worldwide (Boström-Einarsson 
et al. 2020). Canopy-forming organisms are important in 
the decline phase of coral reefs, but also critical elements 
in understanding community succession during reef recov-
ery, whether natural or assisted through restoration activi-
ties (Smith et al. 2022). If reinstating coral-based three-
dimensional complexity is a goal of restoration, methods 
are needed to document such changes. This work clearly 
demonstrates how choice of monitoring method can influ-
ence data, and hence influence ecological understanding.

The three transect types in the current study produced 
strongly varying snapshots of reef communities at Magnetic 
Island. The Benthic transect type, which is equivalent to 
a traditional point intercept transect (PIT), showed a fairly 
consistent community throughout the experiment, with no 
considerable change in percent cover across any of the broad 
taxonomic groups. The two other transect types detected 
large increases in Sargassum (Canopy type: 94-fold increase; 
Combined type: 58-fold increase), accurately reflecting the 
high summer growth of this macroalgal genus. However, 
the Canopy transect type (equivalent to traditional photo-
quadrats) also reflected decreases in all other living benthic 
members and overall diversity, being swamped by the algal 
biomass. The reported decreases in hard coral, other algae, 
and other living benthos are an artefact of the sampling 
method based on a two-dimensional view and reflect the 
pronounced effect of canopy-forming Sargassum.

The implications of these two traditional methods on our 
understanding of reef dynamics are important. Firstly, it is 
clear that data collected by the two methods are not compa-
rable, and hence caution should be applied when interpreting 
data of the two types across studies (see Vallès et al. 2019). 
In addition, the apparent loss of coral cover documented 
by the Canopy technique may artificially inflate our inter-
pretation of the effects of disturbance (i.e. conclude coral 
loss where corals have simply been concealed by canopy). 
Alternately, the benthic technique may artificially lead to a 
conclusion that a reef is stable where a significant change 
has in fact occurred. On algal-dominated reefs, it should be 
noted that the seasonal nature of Sargassum growth can also 
bias our understanding of reef dynamics. If an initial survey 
is conducted in winter, when Sargassum cover is at its low-
est, followed up by a survey in summer, misleading conclu-
sions around a change in reef state, such as a phase shift, 
could be made, particularly when using a planar survey type.

Many of the issues with the two traditional transect 
types were resolved using the proposed Combined transect. 
This transect held the benefits of the Canopy type, being 
able to detect the summer increase in algal biomass, and 
additionally incorporated the benefits of the Benthic type 
to capture benthic cover below the canopy. The Combined 
transect type was the only method which accurately cap-
tured reef changes in terms of percent cover and community 
diversity. While the survey location in this study contained 
very low frequency of rigid canopy-forming members, the 
combined transect type should perform equally well on a 
coral-dominated reef, being capable of detecting both small 
corals and the epilithic algal matrix residing below canopy-
forming corals (Goatley and Bellwood 2011), though further 
testing of the method is needed in such areas. Using the 
proportion of transect points with canopy as an index for 
complexity (stratification), the Combined transect allows for 
rough estimates of three-dimensional complexity or rugosity. 
In reef systems with more than two distinct spatial com-
munities, additional strata could be measured, providing a 
more nuanced understanding of the reef community. In con-
trast to the chain method detailed in Goatley and Bellwood 
(2011), the layered transect proposed here does not become 
more challenging in bad conditions. A potential disadvan-
tage requiring consideration during field preparation is an 
increase in survey time, particularly for benthic communi-
ties with high three-dimensional complexity. However, this 
investment is well justified given the vastly improved repre-
sentation of community composition. Finally, it allows for a 
stratification of sampling with minimal extra effort or exper-
tise required, and produces backwards-compatible data that 
can easily be modified to correspond and compare with other 
studies based on traditional PIT or planar methods. However, 
some difficulties that face most reef monitoring techniques 
could not be overcome with this method. Observer variation 
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and parallax (the phenomenon whereby a viewer’s position 
can alter the object being viewed beneath the transect line) 
can be a source of bias in many survey methods includ-
ing photogrammetry (Vallès et al. 2019; Lesser and Slattery 
2021; Porter and Meier 1992), and the method proposed 
here is not immune to these challenges. Particularly where 
soft-bodied organisms are subject to movement with water 
flow, further variation in observer bias may be introduced. 
As with any existing in situ monitoring techniques, mini-
mising this bias can be achieved through in-water training, 
sample and observer replication, using orientation aids such 
as plumb lines, as well as by capturing observer variation in 
model outcomes.

This study, as with that of Goatley and Bellwood (2011), 
begs the question, which method is best? Coral reefs are 
complex three-dimensional structures, and hence any data 
collection method is required to reduce dimensionality and 
complexity. But at what point do we concede that we have 
captured “enough” of the complexity to understand the sys-
tem? Of course, the answer to this will depend on the ques-
tion being asked. The data collected here showed that there 
was no difference between the transect types when algal 
biomass was removed, demonstrating that a planar view 
is sufficient for systems with minimal stratification. With 
high canopy cover, the data here supports the conclusions 
of Goatley and Bellwood (2011), with a planar view being 
sufficient for research questions targeting canopy forming 
organisms (either corals or algae); however, this technique 
is severely limited for other benthic members. Our data 
also support their conclusion that benthic transects more 
accurately capture reef composition in terms of substra-
tum occupied, whereby the majority of algal biomass is 
held in the water column and the holdfast represents only 
a minor benthic component of even algal-dominated reefs. 
However, the combined method provides an integrated 
view, allowing for detailed understanding of the benthic 
composition as well as major contributors to reef biomass 
and function.
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