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changeover of species along the depth gradient, resulting 
in four significantly different assemblage clusters, each 
associated with particular environmental variables. High 
light intensity supported benthic algae at shallow depths, 
and as light availability decreased with depth, algal cover 
diminished and was eventually absent from the deep reef. 
Upright growth forms and settled particulate matter were 
positively related to depth and dominated the deep reef. 
Reduced wave action and currents on the deep reef can 
explain the increased settling of suspended particles. Under 
such conditions, clogging of feeding parts of the encrusting 
species is expected, and upright growth would be favoured. 
Considering that most MPAs are restricted to shallow 
coastal habitats and that macrobenthic communities change 
significantly with depth, it is probable that many unique 
deep reef habitats are currently afforded no protection.

Introduction

Marine protected areas (MPAs) are important for the con-
servation of biodiversity and the development of marine 
resource management strategies. However, to effectively 
manage our marine resources, critical habitats that support 
commercially and ecologically important species through-
out their life cycles need to be identified and protected 
(Fitzpatrick et al. 2012; Seitz et al. 2014). In particular, 
hard-bottom communities, such as reefs, are especially 
important to include in MPA networks, since reefs host 
diverse assemblages of invertebrates, which in turn support 
higher-order consumers.

Sessile species (including macroalgae and suspension 
feeders) that inhabit reefs construct diverse and intricate 
three-dimensional habitats. As such, they increase the com-
plexity of the reef topography and ecosystem functioning 
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through interspecific facilitation (Gili and Coma 1998; Car-
dinale et al. 2002). These complex biogenic reef structures 
provide habitats for many commercially important fish 
species (Brouwer 2002; Griffiths and Wilke 2002; Brou-
wer and Griffiths 2004; Sink et al. 2006). Besides provid-
ing habitat for higher consumers, suspension feeders have 
major impacts on marine ecosystems through the regulation 
of primary production (Barange and Gili 1988; Coma et al. 
1994) and are responsible for the bulk of the energy trans-
fer from pelagic to benthic systems (Gili and Coma 1998).

Reef communities situated deeper than the conventional 
SCUBA diving depth limit (30 m) have received very little 
scientific attention (Sink et al. 2006; Virgilio et al. 2006). 
The lack of research on deeper reefs is because traditional 
deep water sampling methods are either not suited to sam-
ple complex high-profile reefs (e.g., dredges and grabs) or 
too expensive for most research budgets (e.g., remotely 
operated vehicles; ROVs). Only recently have some aspects 
of the ecology of deep nearshore reef communities been 
addressed, with the bulk of the research occurring in trop-
ical seas (Lesser et al. 2009; Bongaerts et al. 2010; Hin-
derstein et al. 2010; Kahng et al. 2010; Locker et al. 2010; 
Sherman et al. 2010). Tropical research of this nature has 
focused on the light-dependent reef-building zooxanthel-
late corals occurring between 50 and 120 m depth, known 
as mesophotic coral reefs (Lesser et al. 2009). However, 
only a handful of studies have been conducted in the same 
bathymetric belt in temperate seas, most of which were 
conducted in the Mediterranean Sea (Rossi et al. 2008; Bo 
et al. 2008, 2009, 2011; Gori et al. 2011a, b; Gori et al. 
2012). These studies typically focused on the distribution 
patterns of one or a few species and did not consider the 
entire macrobenthic community together with the associ-
ated factors affecting species composition along the depth 
gradient.

For successful conservation of marine biodiversity and 
resource management, we need to describe the habitats 
that support unique assemblages and important species. 
Concurrently developing an understanding of how abiotic 
variables affect habitat characteristics over meaningful spa-
tial scales will enable scientists to predict where unique 
assemblages may be found. At local scales, factors thought 
to influence diversity patterns on reefs include physical 
disturbance, the number of species in the geographic area 
ready to colonize the available habitat (Connell 1978), light 
intensity and growth rates (Huston 1985a). In the marine 
environment, abiotic factors such as light, water move-
ment, nutrient availability, sedimentation and tempera-
ture vary predictably with depth (Garrabou et al. 2002). 
The depth gradient can therefore be seen as a niche axis 
on which species occurrence is dependent on its tolerance 
to the covarying environmental conditions and ability to 
complete for limiting resources. Over evolutionary scales, 

species coexistence is regulated by their abilities to com-
pete for resources. For example, suspension feeders belong 
to the same guild (Woodin and Jackson 1979), which is a 
group of species that exploit the same set of resources in 
a similar manner and are therefore expected to show con-
siderable overlap in niche requirements (Root 1967). This 
niche overlap is thought to drive structural adaptations that 
allow for slight variations in resource acquisition that ulti-
mately result in resource partitioning (limiting similarity; 
Macarthur and Levins 1967), enabling coexistence (Blon-
del 2003; Booth and Murray 2008).

To address the deficits in our knowledge on macroben-
thos living beyond SCUBA depths, we investigated reef 
communities in the center of a large and well-established 
MPA. Our aims were to characterize the species compo-
sition and distribution of the macrobenthos and identify 
the processes that might be responsible for any differ-
ences between shallow (11–25 m) and deep (45–75 m) 
nearshore reefs. Because the majority of macrobenthic spe-
cies are sessile, their distribution is largely influenced by 
the prevailing environmental conditions. Consequently, 
we hypothesized that species most suited to a particular 
environment, as determined by the depth gradient, would 
demonstrate similar morphological adaptations related to 
resource acquisition and would form depth-related species 
distribution clusters.

Materials and methods

Study area and sampling strategy

The research was conducted in the Tsitsikamma National 
Park (TNP) MPA, which is one of Africa’s oldest (estab-
lished in 1964) and largest (360 km2) no-take MPAs (Tilney 
et al. 1996; Hanekom et al. 2012). The TNP MPA is situ-
ated in the middle of the warm-temperate Agulhas Ecore-
gion. It protects a 60-km stretch of coastline and extends 
5 km offshore to a depth of approximately 100 m (Fig. 1; 
Tilney et al. 1996). The geology comprises steeply sloped 
quartzitic sandstone beds that lie parallel to the coastline 
(Buxton 1987; Cowley et al. 2002). Subtidally, these rocky 
formations form a series of parallel reef ridges separated 
by valleys filled with fine-grained sand (Buxton and Smale 
1984). Sampling was conducted at shallow (11–25 m) and 
deep (45–75 m) reef sites situated in the middle of the TNP 
MPA (Fig. 1c). Both the shallow (area: 1.8 km2) and deep 
(area: 3.15 km2) sites included large expanses of solid 
high- and low-profile reefs. The reef sites represent some 
of the best examples of pre-exploitation subtidal commu-
nities in South Africa. Ecological baseline data collected 
from large, well-established no-take MPAs better reflect 
natural or pristine conditions (Shears and Babcock 2002) 
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and improve the understanding and knowledge on which 
management policies are based. Prior to sampling, both 
reef sites were bathymetrically mapped with a GPS-linked 
echo sounder and a 300 × 300 m grid was overlaid on the 

mapped sites (Fig. 1c). The grid size was selected by taking 
into account the maximum depth of sampling in the present 
study (75 m), GPS error and boat swing on anchor. Each 
grid was classified according to profile (high or low), and 

Fig. 1  Location of the study area. a Map of South Africa indicat-
ing the position of the Tsitsikamma National Park marine protected 
area (TNP MPA), b the study area (Tsitsikamma), and c bathymetric 

maps of the two study sites, with inserts to explain sample strategy 
employed for each study site. Sample stations were the midpoints of 
300 × 300 m grid cells
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sampling was conducted between 2009 and 2012 and fol-
lowed a stratified random approach, with even allocation of 
sampling effort between reef sites and high- and low-pro-
file reefs.

Assemblage composition

The species compositions of the macrobenthic assemblages 
were determined by estimating percentage cover from pho-
toquadrats collected at six sample stations within each reef 
site. Photoquadrats on the shallow reef site were obtained 
by SCUBA divers. From the midpoint of each station, 
divers swam 25 meters in eight predefined directions. Eight 
to ten photographs were then haphazardly taken around the 
25-m distance mark using a Canon G9 camera (12.1 meg-
apixels) mounted on a tripod. This strategy was employed 
to avoid resampling the same area and to maximize sam-
pling effort during dive times. The tripod setup maintained 
a set distance from the substrate and sampled an area of ca. 
0.33 m2. On the deep reef, photoquadrats were obtained 
with a ROV (Falcon Seaeye: 12177) fitted with a 1Cam 
(SubC Control; 12.3 megapixel HD camera). The 1Cam, 
which could be orientated to capture benthic images at a 
90° angle, was fitted with two laser pointers, thus permit-
ting size approximation of the sampled area. Due to strong 
currents and restricted maneuverability, sampling at each 
deep reef station was conducted along a single 100-m tran-
sect, in contrast to the method employed at the shallow reef 
site. Along each transect, the ROV captured between 100 
and 150 photoquadrats within 2 m of either side of the tran-
sect line (Fig. 1c). During transects, the ROV followed the 
depth contour to ensure that a standard depth was sampled 
at each station and to minimize environmental variability 
within the transect. According to the recommendations of 
Deter et al. (2012), 30 photographs were selected randomly 
from each sample station, amounting to 180 photoquadrats 
per reef site. Photoquadrats were calibrated in Coral Point 
Count with Excel extensions (CPCe 4.1; Kohler and Gill 
2006), and 56 × 31 cm (0.2 m2) blocks were superimposed 
onto individual images. A species accumulation curve was 
plotted to estimate the number of points required to identify 
95 % of the macrobenthic species per photoquadrat, which 
indicated that 54 points were required to analyze each pho-
toquadrat. Under each point, individuals or colonies were 
identified to the nearest taxon (noting substrate cover where 
applicable) by referring to Samaai and Gibbons (2005), 
Jones (2008), Branch et al. (2010), and the invertebrate col-
lection hosted by the South African Institute for Aquatic 
Biodiversity.

Environmental variables

During November 2011 and February 2012, light inten-
sity (photosynthetically active radiation; 400–700 nm) was 
measured at three randomly selected sample stations from 
both the shallow and deep reef sites. Light intensity meas-
urements were taken by employing a LICOR LI-193 Spher-
ical Quantum Sensor. Temperature data were recorded by 
divers on the shallow reef, and a temperature probe (Onset 
HOBO Pro v2) was attached to the ROV to obtain tempera-
ture data when deep reef photoquadrats were collected. 
Reef profiles for each sampling station were estimated by 
divers on the shallow reef and from the ROV footage on 
the deep reef. The overlay from the ROV provided accurate 
depth measurements and allowed for estimates of the deep 
reef profile. Substrate type was estimated as percentage 
cover obtained from the photoquadrats. Depth was recorded 
by divers at the beginning and end of each transect. Care 
was taken to follow a depth contour when conducting all 
transects with the ROV, thereby standardizing depth during 
sampling. To summarize, data for temperature, reef profile, 
depth and substrate type were collected from at each sam-
pling station. In contrast, light intensities were extrapolated 
according to station depth, from light profiles constructed 
from data collected during two seasons from three stations 
per reef, as indicated above.

Data analyses

Assemblage composition

Percentage cover and guild data of the macrobenthos 
(excluding substrate type) were analyzed using the sta-
tistical analysis software PRIMER v6 (Clarke and War-
wick 2001; Clarke and Gorley 2006) and the PER-
MANOVA + add-on package (Anderson et al. 2008). All 
data were fourth-root-transformed to decrease the impor-
tance of highly abundant species, and analyses were per-
formed on Bray–Curtis similarity matrices. Differences 
between reefs were tested by permutational analysis of 
variance (PERMANOVA), with ‘reef’ as fixed and ‘station’ 
as random (nested in reefs) factors using 9999 permutation 
of residuals under a reduced model. In addition, a two-way 
analysis of similarity (ANOSIM; sample stations nested in 
reefs) was performed obtain the R-statistic, which gives an 
indication of the magnitude of difference between tested 
factors. R-values close to one indicate completely different 
communities and a R-value near zero indicates very similar 
communities (Clarke and Gorley 2006).
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Diversity

Shannon diversity (H ′) and species richness (S) were cal-
culated in PRIMER 6 (Clarke and Gorley 2006). Following 
detailed exploratory data analysis (see Zuur et al. 2010), 
the effect of ‘water depth’ within ‘reef’ on the species rich-
ness (S) and Shannon diversity index (H ′) data was ana-
lyzed with linear mixed-effects models (LMMs). Linear 
mixed-effects models were selected to accommodate the 
dependency structure in the dataset caused by having multi-
ple photoquadrats per sampling station.

The LMM with a random effect for station was defined 
as:

where Sij or H ′

ij is the species richness or Shannon diversity 
index, respectively, from photoquadrat j at sampling sta-
tion i. β1 and β2 are the intercept and slope, respectively, 
for the model. The random part of the model is specified by 
αi + ɛij, where αi is the random intercept and ɛij is the error, 
which follows a normal distribution with a mean of 0 and 
variance σ2.

Due to the large gap in depth coverage between the shal-
low and deep reefs, the data were modeled by looking at 
the effect of water depth on S and H ′ within ‘reef.’ This 
procedure avoided the possibility of erroneous conclu-
sions to be drawn from the depths where no data existed. 
The LMM analysis was conducted in the R-environment 
for statistical analysis through the R-Studio 2.15.3 interface 
(RStudio Team 2015) using the ‘nlme’ package (Pinheiro 
et al. 2014). The results were plotted using the ‘lattice’ 
package (Sarkar 2008). The model selection and diagnos-
tics followed the approach specified in Zuur et al. (2013).

Indicator species

Indicator species were determined by following the indica-
tor value index (IndVal) procedure (Dufrêne and Legendre 
1997). The IndVal index can be defined by computing two 
values: specificity (Akj) and fidelity (Bkj). For each species j 
in each cluster of k sites, Akj and Bkj. can be computed by:

(1)

Sij or H
′

ij = β1 + β2 ×Water depthij × Reefij + αi + εij

(2)αi ∼ N
(

0, σ 2
station

)

(3)εij ∼ N
(

0, σ 2
)

(4)Akj = N individualskj/N individuals+k

(5)Bkj = N siteskj/N sitesk+

The specificity (A) is based on abundance values and 
describes the degree to which a species is found only in a 
group of predefined sites. Fidelity (B) is computed from 
presence/absence data and describes the degree to which a 
species is present at all sites of a group (Legendre 2013). 
Statistical significance of the species–site group associa-
tions was determined by a permutation test. Indices were 
computed using the multipat() function from the ‘indicspe-
cies’ package (De Cáceres and Jansen 2013) in R-Studio 
2.15.3 (R Core Team 2013). Indicator species were calcu-
lated for the shallow and deep reefs and the clusters pro-
duced by the LINKTREE analysis from the average species 
assemblage data calculated for each sample station.

Environmental variables

To correlate species assemblages with environmental data, 
the assemblage data were averaged over stations. Follow-
ing the recommendations of Clarke and Gorley (2006), 
environmental data with non-normal distributions were 
log-transformed, after which all environmental data were 
normalized. Depth was removed from the analysis since it 
was colinear with most other environmental variables. To 
clarify how the environmental variables affected species 
assemblages, the global BEST test, including all combina-
tions (BIOENV), was performed (Clarke and Gorley 2006). 
Correlations between the environmental data and the spe-
cies resemblance matrices were determined by calculating 
Spearman’s rank correlation coefficients (ρ). Environmental 
variables included depth (m), light intensity (µmol s−1 m2), 
temperature (°C), reef profile (categorized as low or high) 
and substrate type [categorized as bare rock, rubble, sand, 
shells or settled particulate matter (settled PM)]. Reef pro-
file for each transect was estimated by SCUBA divers on 
the shallow reef and from the ROV footage on the deep reef 
site. Significance of the correlations was estimated with 
the global BEST match permutation test. To visualize the 
effect of the most important environmental variable on the 
assemblage data (as identified by the BEST test), the val-
ues of these variables were superimposed as bubbles on a 
principle coordinate analysis (PCO) biplot. To determine 
whether the macrobenthic assemblages clustered according 
to depth, and to identify the environmental variables that 
best explained each cluster, a LINKTREE procedure was 
performed (Clarke and Gorley 2006; Clarke et al. 2008). A 
Similarity Profiles (SIMPROF) permutation at the 5 % sig-
nificance level was performed to provide the LINKTREE 
with objective stopping criteria when there was no further 
statistical evidence for subdivision of clusters (Clarke et al. 
2008).

(6)IndValkj = AkjBkj
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Guilds

The LINKTREE analysis revealed four clusters, based on 
macrobenthic species assemblage composition, which sep-
arated out along the depth gradient. To determine whether 
the depth at which these clusters split represents an impor-
tant changeover in limiting resources (habitat, food and 
light), the macrobenthic species were assigned to guilds 
according to structural traits associated with resource 
exploitation. Species were grouped according to the differ-
ent strategies used to occupy and gain space as well as the 
strategies and mechanisms employed to obtain food. These 
morphological adaptations can be classified into the fol-
lowing categories: (1) height above seafloor [growth form: 
solitary/colonial and shape; Woodin and Jackson (1979), 
Jackson (1977)] and (2) size and selection of food particles 
(feeding apparatus/mechanism; Wildish and Kristmanson 
(1997)). Algae were separated from the rest of the macrob-
enthos because food in the form of light affects only auto-
trophs. For the majority of macrobenthic species found on 
reefs, food is available in the form of suspended particulate 
matter; thus, suspension feeders tend to dominate. Suspen-
sion feeders can be active, passive, facultatively active or 
combined passive–active (Wildish and Kristmanson 1997). 
Additionally, solitary animals can feed by grazing or scav-
enging. To classify the macrobenthic species into guilds, 
each species had a combination of the adaptive traits 
assigned to it that resulted in 21 different trait combinations 
(Table S1).

A constrained canonical analysis of principal coordi-
nates (CAP) was conducted on the guild data (Anderson 
and Willis 2003; Anderson et al. 2008). This procedure 
maximizes separation of multivariate data in reference to 
an a priori hypothesis (LINKTREE clusters). To establish 
if the CAP model identified the correct number of princi-
ple coordinate (PCO) axes, and how well the PCO axes 
discriminated among grouping variables, cross-validation 
tests were performed to determine the misclassification 
error (Anderson et al. 2008). A high allocation success sug-
gests distinct groups, indicating that particular guild traits 
are associated with each depth cluster, providing evidence 
that the changeover in species along the depth gradient is 
related to resource acquisition.

Results

Assemblage composition

Compared to the deep reef, on which slightly less than half 
(48 %) of the area was inhabited by macrobenthos, the shal-
low reef was covered predominantly by macrobenthic spe-
cies (85 %). The remaining (52 %) of the deep reef surface 

was composed of different substrate types. Here, the domi-
nant substrate type was settled PM (38 %), whereas the 
shallow reef was covered by near equal amounts of sand 
(5 %), settled PM (4 %) and rubble (3 %).

From the photoquadrats, 161 taxa were identified: 111 
to genus and 67 to species level (Table S1). The remaining 
specimens were either grouped to higher-order taxa, identi-
fied to genus (but may include several taxa), or recognized 
as a species (but could not be identified—due to a lack of 
comprehensive species lists). Similar proportions of uni-
dentified specimens were present on the shallow and deep 
reefs (23.6 and 18.9 %, respectively).

The multivariate species composition differed signifi-
cantly between the shallow and deep reefs (PERMANOVA: 
Pseudo-F1  = 11.1, p = 0.0013), and according to the 
ANOSIM, the reefs comprised two very different com-
munities (R-statistic = 1). From the 161 identified species, 
78 were exclusive to the shallow and 38 to the deep reef, 
with 45 species common to both (Fig. 2). Sponges were the 
most diverse taxonomic group with a total of 43 species, 
of which 19 species were exclusive to the deep reef. This 
pattern stood in sharp contrast to that observed for ascid-
ians. Of the 29 identified ascidian species, 20 were exclu-
sive to the shallow reef, and only one ascidian species was 
unique to the deep reef. Species richness (S; Fig. 3a) and 
the Shannon diversity index (H ′; Fig. 3b) showed com-
plementary patterns, with significantly higher richness 
(F-value = 44.7; p < 0.001) and diversity (F-value = 18.5; 
p < 0.001) of macrobenthos occurring on the shallow reef 
(mean ± SD: S = 10.9 ± 3.8; H ′ = 2.0 ± 0.5) compared 
to the deep reef (S = 6.0 ± 2.6; H ′ = 1.5 ± 0.5; Table 1). 
The LMM indicated that there was a significant interac-
tion effect between ‘reef’ and ‘depth’ (S: F-value = 6.2, 
p < 0.05; H ′: F-value = 7.4, p < 0.05), with richness and 
diversity positively related to depth at the shallow site and 
negatively related to depth at the deep site (Fig. 3).

According to the IndVal analysis, significant indicator 
species for the shallow reef community included encrust-
ing algae (Hildenbrandia lecanellierii, Leptophytum spp., 
Mesophyllum spp.), ascidians (Distaplia skoogi, Polyandro-
carpa anguinea, Polyandrocarpa sp. 1, Pseudodistoma sp. 
1 and Pycnoclavella filamentosa), sponges (Haliclona sp. 
1, Isodictya ectofibrosa, Tedania spp.), the purple soft coral 
(Alcyonium fauri), hydroids (Lytocarpia formosa, Macro-
hychia filamentosa) and the bryozoan Cryptopolyzoon con-
cretum. All of these taxa were found at all stations of the 
shallow reef and only on the shallow reef. Significant indi-
cator species for the deep reef included bryozoans (Ade-
onella sp. 3, Celleporaria sp. 1, Flustramorpha spp.), many 
of which were fragile calcareous false corals (Adeonella 
sp. 1, Tennysonia spp., Laminopora sp 1), and the sponge, 
Haliclona sp. 2. The following sponges were recorded only 
on the deep reef, but not at all stations; Psammocinia sp. 
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1, Proteleia sollasi, Clathria (Thalysias) oxitoxa, Isodictya 
frondosa, Clathria (Clathria) axociona). Taxa present over 
the entire depth range included cup corals (Balanophyllia 
bonaespei, Caryphyllia sp. 1), seafans (Eunicella papillosa, 
Acabaria rubra), the planar hydroid (Sertularella arbuscu-
lar) and the sponge, Psammoclema sp. 1.

When considering the contributions of the major taxo-
nomic groups in terms of percentage cover, ascidians, algae 

and sponges represented similar contributions on the shal-
low reef (Fig. 4). On the deep reef, sponges and bryozo-
ans were the dominant taxa, and ascidians contributed very 
little to percentage cover. Although sponges were repre-
sented by more species on the deep reef, they contributed 
slightly less in terms of percentage cover (Fig. 4) owing to 
the lower overall percentage cover of macrobenthos on the 
deep reef.

Fig. 2  Macrobenthic species richness. The total number of species identified in each taxonomic group, indicating the contributions of species 
exclusive to the shallow (gray) and deep (black) reefs. Shaded sections represent species found on both reefs

Fig. 3  Sketch of the fitted values from the linear mixed-effects model 
illustrating the effect of ‘reef’ and ‘water depth’ within ‘reef’ on spe-
cies richness (a) and Shannon diversity (b). The dots are the actual 

observed data, the black line is the predicted species richness and the 
gray area is the approximate 95 % confidence interval
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Environmental variables

Depth explained 92.2 % of the variability observed in the 
macrobenthic assemblage data (BEST test: Spearman’s 
correlation coefficient ρ = 0.922; p < 0.002). Since an 
increase in water depth typically corresponds to changes in 
other physical parameters (e.g., decrease in light intensity), 
another BEST procedure was run with ‘depth’ excluded, 
thereby clarifying the importance of the remaining envi-
ronmental variables on species composition. The results 
revealed that settled PM on the reefs explained 79.3 % 
(p < 0.002) of the variability observed in the macrobenthic 

assemblage data. With an increase in depth, there was a 
clear gradient from very little settled PM on the shallow-
est site (13 m; 0.6 % settled PM) to large amounts on the 
deepest site (73 m), where 57 % of the reef was covered by 
settled PM (Fig. 5).

The BEST results indicated that depth plays a central 
role in structuring the macrobenthic assemblages. This 
finding was further supported by the LINKTREE analy-
sis, which produced four significantly different macroben-
thic clusters, each associated with a separate depth range 
(Fig. 6). The four clusters split into two sets, one con-
fined to the shallow reef, and the other to the deep reef. 
Each cluster had a set of associated environmental vari-
ables that was responsible for the internal structure of that 
cluster. The first split separated the shallow reef from the 
deep reef assemblage. The shallow reef was characterized 
by low settled PM cover and greater light intensity com-
pared to the deep reef (Fig. 6; R-statistic = 1; π = 17.6; 
p < 0.001). The LINKTREE analysis further split the shal-
low reef macrobenthic assemblage into clusters A and B, 
based on higher light intensities and less settled PM cover 
observed in cluster A compared to B (R-statistic = 0.75; 
π = 1.78; p < 0.003). Further distinction of the deep reef 
into two smaller clusters was due to higher light intensities, 
and less settled PM and sand cover, on the shallower cluster 

Table 1  Results from the likelihood ratio text on the linear mixed-
effects model for species richness and Shannon diversity index

*** p < 0.001; ** p < 0.01; * p < 0.05

Species richness Shannon diversity 
index

F-value p value F-value p value

Intercept 532.71 <.0001*** 986.78 <.0001***

Reef 44.68 0.0002*** 18.48 0.0026**

Depth 1.47 0.26 2 0.19

Reef: Depth 6.21 0.037* 7.4 0.0263*

Fig. 4  Contribution of the major taxonomic groups (percentage cover) on the shallow (gray) and deep (black) reefs in Tsitsikamma. Error bars 
represent positive standard deviations calculated from all photoquadrats collected from each reef; n = 180
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Fig. 5  Principal coordinate analysis (PCO) of the species assemblage 
data employing Bray–Curtis distance measures. The percentage cover 
of settled particulate matter (settled PM) at each site is superimposed 

as a bubble. Shallow reef sample stations are indicated in light gray 
and deep reef sample stations in black. Average site depths are pro-
vided in meters

Fig. 6  LINKTREE analysis. Linkage trees explain the division of 
each cluster (based on species assemblage data; percentage contri-
bution indicated by pie charts) with a set of environmental variables 
specific to that group. In the context of LINKTREE analysis, the 
R-statistic is a measure of the multivariate difference between groups 
(biotic) and ranges from approximately 0 to 1 (0 indicating ‘no dif-

ference’ and 1 signifying ‘completely different’ communities). On the 
y-axis, B (%) signifies an absolute measure of dissimilarity between 
the clusters. Depths indicated are averages measured during each sta-
tion. Pie charts represent the average percentage contributions of the 
major taxa to each cluster
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C (52 m) compared to the deeper cluster D (average depth: 
64.8 m; R-statistic = 1; π = 3.49; p < 0.001).

Indicator species calculated for the LINKTREE clusters 
revealed three algal species and the low-growing encrusting 
ascidian Aplidium mernooensis as significant indicator species 
for cluster A. Indicator species for cluster B included the low-
growing encrusting sponge and ascidian species and two false 
coral species (Bryozoa; Table 2). Moving from the shallow to 
the deep reef, ascidians were replaced by hydrozoans, bryozo-
ans and hard corals (pie charts, Fig. 6). Only one indicator spe-
cies (hard coral Dendrophyllia sp. 1) was identified for cluster 
C. Hydrozoan cover declined from cluster C to D, and on clus-
ter D sponges accounted for half of the macrobenthic cover. 
Significant indicator species for cluster D were exclusively 
sponge species, and all except one (Proteleia sollasi) demon-
strated upright growth. Sponges were consistently present at all 
depth ranges, but became the dominant cover at station ≥60 m.

Guilds

The estimation of the misclassification error determined 
from the leave-one-out procedure of the CAP analysis 

indicated a high allocation success. A total of 72.4 % pho-
toquadrats were correctly assigned to the LINKTREE clus-
ters, suggesting that the dominant species found in each 
of the clusters belonged to a common guild type (Fig. 7). 
Vectors based on Pearson’s correlations >0.35 were super-
imposed onto the CAP biplot, which provides additional 
information on the guilds most closely associated with each 
cluster. In Cluster A, both encrusting and upright algae 
dominated. Moving slightly deeper, encrusting and massive 
active suspension feeders associated with cluster B. At the 
deep study site, upright growing combined active–passive 
suspension feeders (sponges) proliferated.

Discussion

The aims of this study were to describe the composition 
and distribution patterns of macrobenthos along a depth 
gradient and to determine the influential processes respon-
sible for any shifts along the gradient. Specifically, a shal-
low (11–25 m) reef site and a deep (45–75 m) reef site in 
a large and well-established MPA were compared in terms 

Table 2  Indicator species for 
the clusters identified from the 
LINKTREE analysis

Species were identified using the IndVal method, where A is a measure of specificity (the degree to which 
a species is found only in a given group of sites), B is a measure of fidelity (the degree to which a species 
is present at all sites of a group), the IndVal statistic is the degree to which a species is an indicator for the 
group of sites (i.e., reefs), and statistical significance of the species–site group associations was determined 
by a permutation test

Taxonomic category or species Common name A B IndVal index p value

Cluster A

Algae

 Rhodophyta Red fan seaweed 1.0 1.0 1.0 0.012

 Rhodophyta Red branching algae 0.99 1.0 0.99 0.015

 Codium spp. Green sea fingers 0.93 1.0 0.99 0.015

Ascidians

 Aplidium mernooensis Red lobed sandy ascidian 0.93 1 0.97 0.015

Cluster B

Ascidians

 Eudistoma sp. 1 White speckled ascidian 1.0 1.0 1.0 0.005

Bryozoans

 Adeonella sp. 1 Yellow rimmed false coral 0.95 1.0 0.98 0.009

 Reteporella bilaminata Robust false coral 0.95 1.0 0.98 0.01

Sponges

 Ciocalypta sp. 1 Ciocalypta sponge 1.0 1.0 1.0 0.005

Cluster C

 Dendrophyllia sp. 1 Yellow colonial cup coral 0.86 1.0 0.93 0.032

Cluster D

 Psammocinia sp. 1 Calcified cup sponge 1.0 1.0 1.0 0.005

 Proteleia sollasi Papillae sponge 1.0 1.0 1.0 0.005

 Clathria (Thalysias) oxitoxa Red fan sponge 1.0 1.0 1.0 0.005

 Clathria (Clathria) axociona Thin finger sponge 1.0 1.0 1.0 0.005
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of species richness and composition. These macrobenthic 
communities were further explored to establish if depth-
related zonation patterns existed.

The results revealed well-defined changes in the mac-
robenthic assemblage related to depth. The shallow and 
deep reefs differed significantly in all measured aspects, 
and a finer scale depth zonation was apparent within each 
reef. The shallow reef community was characterized by 
greater species richness consisting mostly of algal species 
or low-growing/encrusting colonial species. In contrast, the 
deep reef macrobenthic community was characterized by 
lower species richness and upright growth forms were more 
prevalent.

Patterns of species diversity

Overall, the shallow reef site displayed greater diversity 
and richness when compared to the deep reef site. How-
ever, inspection of the diversity patterns of each reef in iso-
lation revealed that species diversity and richness increased 
with depth on the shallow reef site and decreased with 
depth on the deep reef site (Fig. 3). This pattern is in agree-
ment with previous studies conducted on coral reefs, which 

measured an increase in species diversity and richness up 
to depths of roughly 30 m (Loya 1972; Porter 1972; Huston 
1985b), followed by a progressive reduction in diversity 
and richness below 30 m (Sheppard 1980; Huston 1985a). 
Since corals are also sessile suspension feeders, similar 
forces should drive patterns of diversity in other suspension 
feeding communities. The relatively low diversity observed 
at either end of the depth gradient can be explained by 
the intermediate disturbance hypothesis (Connell 1978). 
Physical disturbance in the form of wave action, surge and 
storms are highest at shallow reefs. However, decreases 
in light and water movement with depth ultimately cause 
low light levels and high rates of sedimentation (settlement 
of particles from the water column) at depth. The high 
physical disturbance concomitant with high light intensi-
ties at shallow reefs favors a few fast growing algal spe-
cies that can cope with harsh conditions and competitively 
exclude other slow-growing species (Connell 1978; Hus-
ton 1985a). With an increase in depth, light intensity and 
the frequency of storm damage and wave action decreases, 
negating the competitive advantage of algae, and allowing 
new species to colonize open space (Huston 1985a). Mov-
ing deeper, light diminishes, which results in the complete 

Fig. 7  Ordination diagram 
of the first two axes from a 
canonical analysis of princi-
ple coordinates (CAP) using 
LINKTREE clusters to group 
the macrobenthic guild data. 
Pearson’s correlations (>0.35) 
of influential guilds are super-
imposed as vectors
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loss of photosynthetic species, while at the same time there 
appears to be higher settlement of particles from the water 
column (Fig. 6). Increased settled PM causes clogging of 
the feeding apparatus of low-growing suspension feeders 
and favors only a few upright growing species.

However, water movement is not only important as a 
physical disturbance. Since colonial macrobenthic spe-
cies are sessile, they rely on water movement to bring sus-
pended particles into contact with their feeding structures 
(Okamura and Partridge 1999) and disperse their prop-
agules (Russ 1982; Palardy and Witman 2011). Conse-
quently, water flow is key to determining the distribution 
of sessile macrobenthic species (Gili and Coma 1998). 
Several authors have demonstrated, both experimen-
tally and empirically, that flow speed drives both density 
and diversity (Gili and Coma 1998; Palardy and Witman 
2011). Specifically, they showed that a decline in current 
intensity and speed resulted in a progressive decline in 
richness and density of suspension-feeder species (Gili 
and Coma 1998; Palardy and Witman 2011)—and obser-
vation which mirrors the overall trend observed in this 
study. While current speed was not measured during the 
present study, previous research conducted on the deep 
reef (Middlebank Reef; TNP MPA) indicated that current 
velocity gradually decreased with depth, with the low-
est velocities measured on the bottom (Roberts and van 
den Berg 2005; Hancke 2010). This is a seemingly wide-
ranging pattern observed on the Agulhas Bank (Boyd 
et al. 1992) and elsewhere around the South African coast 
(Roberts et al. 2006). Thus, water movement, which is a 
combination of tidal, wind and oceanic currents and wave 
surge, is greater on shallow compared to deep sites and 
would translate into higher potential recruitment rates and 
food availability.

Depth‑related zonation

In contrast to the patterns of diversity and richness that 
appear to be affected by local scale processes, the zonation 
patterns as identified from the LINKTREE (Fig. 6) might 
be better explained by slower processes working at evo-
lutionary scales. The decrease in bottom water movement 
with an increase in depth (Boyd et al. 1992; Roberts and 
van den Berg 2005; Hancke 2010) can explain the observed 
increase in settled PM with depth at the study area in the 
TNP MPA (Fig. 5). This logical inference is based on the 
fact that lower current velocities result in the increased 
settlement of particles from the water column (Sundborg 
1956). As such, food availability and light intensity change 
predictably with depth and can be incorporated into a niche 
axis on which sessile macrobenthic species are lost or 
gained, depending on strategies evolved to obtain limiting 
resources (habitat, food and light).

Indeed, when taxa were classified according to traits 
associated with resource acquisition (guilds), 72.4 % were 
correctly classified by the CAP model (Fig. 7) into the 
depth range identified by the LINKTREE results (Fig. 6). 
The results from the CAP analysis provided evidence that 
the changeover of species on the depth gradient is related to 
resource acquisition, and on closer inspection, there seems 
to be a clear taxonomic association with groups that domi-
nate at particular depths.

Because closely related species (congeners) often share 
similar adaptations, we can correlate the depth zonation, 
and the prevailing environmental conditions, with the 
structural adaptations identified in major macrobenthic 
taxonomic groups. Additionally, because of their niche 
preferences, indicator species can be used to reflect their 
ecological preferences (biotic or abiotic states of the envi-
ronment; De Cáceres et al. 2012) and so provide further 
insight into zonation patterns.

The first taxonomic groups/guilds lost along the niche 
axis relative to the depth gradient were primary producers 
and their associated grazers. Light intensities were highest 
within the shallowest cluster and explain the dominance 
of algae and the three algal species that were selected as 
significant indicator species for this cluster (Table 2). The 
remaining changes observed in the species composition 
of the macrobenthos were related to the increase in set-
tled PM, which in turn can be explained by the decrease 
in water movement with depth. The current speed at 
which different suspension-feeder function optimally dif-
fers between taxonomic groups due to small differences 
in adaptations necessary to acquire suspended particles 
(Hentschel and Shimeta 2008).

Active filter-feeders were present on both the shallow 
and deep reefs; however, ascidians were present almost 
exclusively on the shallow reef and were progressively 
replaced by bryozoan species with increased depth. Ascid-
ians obtain food particles by actively filtering water through 
a mucous net (Petersen 2007), and they grow best in high 
current speed conditions (Wing and Jack 2012). Bryozoans 
obtain food particles by actively beating ciliated tentacles 
(Hentschel and Shimeta 2008), and they grow best where 
currents are weaker (Eckman and Duggins 1993). The two 
feeding mechanisms differ in terms of the environmental 
conditions under which they function optimally. Ascid-
ian growth is slowed at high particle concentrations (due 
to the risk of clogging their filtering mechanisms, result-
ing in reduced retention and pumping rates; Kowalke 1999; 
Petersen 2007; Torre et al. 2012), while bryozoans can dis-
card unwanted particles through selective flicking, or expel 
their gut contents at unusually high particle concentrations 
(Riisgård and Manríquez 1997). However, in turbulent con-
ditions, the feeding structures of bryozoans are deformed, 
thereby reducing growth and causing colony miniaturization 
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(Eckman and Duggins 1993; Okamura and Partridge 1999). 
These differences in feeding optimization help to explain the 
absence of bryozoans at the very shallow stations (13–15 m; 
Fig. 6) and the selection of the low-growing encrusting 
ascidian, Aplidium mernooensis, as an indicator species for 
the most shallow cluster. The selection of A. mernooensis 
as an indicator species for cluster A confirmed the tolerance 
of this species to more turbulent conditions. In contrast, the 
selection of fragile calcareous bryozoan species (false cor-
als) as indicators for the conditions in cluster B and the deep 
reef confirmed their preference for weaker current speeds.

At the other extreme, sponges dominated depths where 
settled PM cover was high, suggesting low current speeds 
(cluster D: 59–73 m; Fig. 6). This pattern can be explained 
by the exceptional morphological plasticity of sponges, 
which are capable of modifying their shape depending on 
prevailing flow conditions (Palumbi 1984; Okamura and 
Partridge 1999; Kaandorp 1999; Bell and Barnes 2000b). 
When current speeds are low, sponges can modify their 
growth to form upright tree-like shapes (Okamura and Par-
tridge 1999; Kaandorp 1999), preventing sediment accu-
mulation on sponge surfaces (Bell and Barnes 2000b). 
Furthermore, sponges are capable of feeding on a large 
range of particle sizes (Jackson and Winston 1982). This 
flexibility provides sponges with a competitive advantage 
at all depths, but in this study sponges were particularly 
successful on the deep reef, reflected in the higher species 
richness and relative percentage cover at the deeper sta-
tions in Tsitsikamma (Figs. 3, 4, respectively). As a result, 
three upright sponge species were selected as indicators for 
the deepest cluster (Table 2). Several studies conducted on 
sponge communities within different marine biogeographic 
regions, e.g., temperate reefs in Lough Hyne, a marine lake 
in County Cork, Ireland (Bell and Barnes 2000a, b) and 
tropical reefs in southeast Sulawesi, Indonesia (Bell and 
Smith 2004), demonstrated similar findings regarding the 
morphological adaptations of sponges and their distribu-
tion related to current speed. These studies sampled sponge 
assemblages down to 30 m at sites that differed in terms 
of current speed, intensity and direction (Bell and Barnes 
2000a, b; Bell and Smith 2004). At very turbulent sites, 
Bell and Barnes (2000a) found that massive and encrusting 
forms dominated sponge communities. The shallowest sta-
tions at Tsitsikamma were equivalent to the turbulent sites 
sampled by Bell and Barnes (2000a), and very little upright 
growth was observed here. Sites with low current speeds 
sampled by Bell and Barnes (2000a) were marked by high 
sedimentation, and upright sponges were most abundant. 
Similarly, cluster D from the deep reef of Tsitsikamma 
can be regarded as equivalent to the calm sites of Bell and 
Barnes (2000a), because the increased settled PM (Fig. 5) 
that suggested low current speeds also explained the preva-
lence of upright growth in sponges.

Conclusions

The macrobenthic community of Tsitsikamma demon-
strated a distinct changeover of species along the depth 
gradient, with greatest diversity and richness observed at 
the deep end of the shallow reef. The patterns in diversity 
seem to support the intermediate disturbance hypothesis, 
where disturbance operating in different directions resulted 
in highest diversity at intermediate depths. The changeover 
in species along the niche axis (depth gradient) revealed a 
strong taxonomic link, which can be explained by feeding 
adaptations best suited for particular environmental con-
ditions associated with variable depths. The current MPA 
network of South Africa mostly affords protection only to 
shallow nearshore reefs. The very different macrobenthic 
communities of the shallow and deep reef sites, in com-
bination with increased presence of sensitive calcareous 
and upright macrobenthic species with depth, point to the 
importance of considering deep nearshore reefs in future 
MPA network design. Such vulnerable species would be 
particularly sensitive to physical damage from activities 
such as trawling, seabed mining and anchoring. Thus, to 
effectively conserve biodiversity and distinct habitats, pro-
tection must be afforded to reefs across the full depth spec-
trum covered in this study. We anticipate that the zonation 
patterns identified in Tsitsikamma could represent specific 
habitat requirements for fish, and as such suggest that cer-
tain fish assemblages are also currently afforded little pro-
tection. Determination of fine-scale fish habitat association 
patterns will provide further insight for the identification of 
priority habitats that require preferential consideration to 
ensure effective resource management.
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