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Introduction

Ecological succession is the sequential replacement of 
organisms over time (Clements 1916), and it is a concept par-
ticularly appropriate for answering questions of biodiversity 
loss, climate change, invasive species and ecological restora-
tion (Prach and Walker 2011). Studies on succession usually 
emphasize analytical methods, including ecological indices 
(e.g., diversity) and multivariate methods (e.g., grouping, 
ordering). Although regarded as classic methods they should 
not be considered complete. A complementary approach, ac-
cording to Giordano (2001), seeks to highlight species re-
placement patterns based on the probability of change, and 
transition probability matrices for species and guilds can be 
used to improve analyses of successional processes (Tanner 
et al. 1994).

A transition matrix summarizes all of the data related to 
the replacement of one organism for another to yield a set 
of probabilistic rules that establish the possible patterns of 
ecological succession from any possible point of departure 
(Gotelli 2009). Thus, it describes the ecological processes of 
the community in terms of disturbance, replacement and per-
sistence, which determine the succession (Hill et al. 2004).

The early life stages of many benthic organisms are pe-
lagic and dispersed across oceans. The set of processes by 
which an organism occupies a particular area includes disper-

sion, settlement and recruitment and is termed colonization. 
The attachment process of these organisms includes settle-
ment and encompasses two phases: the searching behavior 
for the attachment site and the permanent attachment to the 
substrate, a process that involves metamorphosis (López and 
Coutinho 2008). Individuals that have survived up to a spe-
cific size after settlement without reaching adulthood enter 
benthic communities through recruitment. The transition 
from vacant substrate occurs through recruitment or the veg-
etative growth of proximal organisms (Greene et al. 1983, 
Sebens 1986).

Connell and Slatyer (1977) suggested three mechanisms 
whereby one species might affect the establishment of anoth-
er. Pioneer species may prepare the substrate for colonization 
by another species, share the habitat or inhibit the growth of 
other organisms. Subsequent studies have indicated that the 
proposed mechanisms occur, sometimes concurrently, in dif-
ferent communities (Dean and Hurd 1980, Breitburg 1985). 
Successional sequence in the marine environment is complex 
and dynamic and there are still many points to be cleared up. 

Most of the models that address inter-specific interactions 
are not effective in complex systems with large numbers of 
species, which complicates assessments of the effect of dif-
ferent types of disturbances. Markovian models have been 
successfully used in community ecology in different sessile 
communities in terrestrial and marine environments to illus-
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trate the different successional processes of the community, 
including colonization, disturbance, resistance and resilience 
(Usher 1979, Tanner et al. 1994, Giordano 2001, Wootton 
2001, Hill et al. 2004, Sauer-Machado 2006, Pawlowski and 
McCord 2009).

Markovian models follow the path of taxonomic or func-
tional groups over time and are based on the assumption that 
the organism at some future time point t + 1 will exclusively 
depend on its condition at the present time t (Tanner et al. 
1994). Therefore, this approach based on transition matrices 
and sensitivity analyses manages to predict the replacement 
of species or functional groups over time. 

Disturbances often play a central role in the dynamics of 
benthic communities by creating a patch mosaic at different 
successional stages (Underwood 1999). Fouling assemblage 
under high light intensity show a greater probability of dis-
turbance (sensu species replacement), since this physical 
variable is considered as a disturbing effect to several fouling 
larvae during the settlement phase (Svane and Young 1989, 
Glasby 1999, 2000, Maughan 2001). Considering distur-
bances as non-catastrophic discrete events that may or not 
damage or kill all organisms, a wide range of changes in the 
relationships between species will result (Platt and Connell 
2003). The prediction model based on the transition prob-
ability matrix of a biological community is open and allows 
new species to emerge over time. Thus, it may include large 
disturbances that remove species because new recruitments 
are feasible.

In general, successional studies on marine ecosystem fo-
cus mainly on biological interactions and physical variables 
or larvae supply and colonization to understand the emerging 
patterns. Here we will show that changes in the community 
composition can be projected in a future time.

The present study use transition matrices in a fouling 
community to evaluate the possibility of inference on proba-
bilistic rules (colonization, disturbance, persistence and re-
placement) when submitted to different light effects, since 
different degrees of shading could explain the different cov-
erage of many growing epibiota (Glasby 1999). The follow-
ing issues were raised: 1. Are there preferential transitions 
for certain functional groups in the community? What is the 
complexity of the species replacement? 2. Is the fouling com-
munity succession a sequence of independent or cascading 
stages? 

This study hypothesizes that fouling community com-
position under different light effects will generate different 
probabilistic rates, and results in divergent successional pro-
cesses. 

This is an ecological application research, which uses 
fouling community as a model to predict the future paths on 
the community successional processes. There are very few 
studies with this approach and it is a very promising tool in 
other ecological fields, either marine or terrestrial ecosystem. 

Materials and methods

Study area. The study was conducted on Cabo Frio Island 
(23°00’04.46’’ S, 42°00’20.19’’ W), southeastern Brazil 
(Figure 1), in a small sandy cove surrounded by rocky shores, 
where upwelling events are frequent. Valentin et al. (1987) 
demonstrated the significant influence of local winds on fluc-
tuations in the thermocline. Discrete upwelling events may 
occur throughout the year but are more intense and frequent 
during the spring-summer months (Guimaraens et al. 2005). 
Sedimentation rates in the Cabo Frio upwelling zone range 
from 0.26 mm.year–1 to 0.66 mm.year–1 (Mahiques et al. 
2005).

Experimental design

Five multi-experiment units were affixed to the substrate, 
and they individually supported three experimental PVC pan-
els (20 cm × 15 cm) arranged horizontally at approximately 
3.5 m deep (Figure 2). Each structure was composed of a PVC 
tube (5 m high and 20 cm diameter) supported on a cement 
block weighing approximately 350 kg. The multi-experiment 
units were placed at a distance of 10 m from each other and 
parallel to the beach line.

The light reduction effect was evaluated according to 
Masi (2012), in which the associations were compared be-
tween the upper and lower sides of the experimental pan-
els, with significant differences over the respective succes-
sional paths (upper side: 792.9±52.5 µmol s-1m-2; lower side: 
156.5±11.2 µmol s-1m-2; p = 0.00).

Figure 1. Location of the study site (•) on Cabo Frio Island, Rio 
de Janeiro State, southeastern Brazil.
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Five panels with one from each multi-experimental unit 
were sampled monthly for 12 months. Each side of the five 
sampled panels provided 100 points of contact at each sam-
pling interval, for a total of 6000 points on the upper and 6000 
on the bottom side (12 times). Each replicate (Ntotal = 5 panels/
month) provided 11 transitional matrices (Ntotal = 55 matrices) 
for 12 months. 

Fouling community

The initial immersion of the panels occurred on July 2009 
(T0), and sampling of the fouling community was conducted 
monthly from August 2009 (T1) to July 2010 (T12) after 12 
months of immersion. Encrusting associations were sampled 
by divers through “in situ” photographs, which avoided pos-
sible interference from handling the experimental panels and 
supplied a permanent record of the data. A DC1200 SeaLife 
12-megapixel digital camera was used in macro mode, which 
is designed to focus at short and fixed distances.

The identification of each functional group in each panel 
was performed using the method of contact points, wherein a 
100-point grid (10 rows and 10 columns) was designed with a 
border of identical shape and size in the software Coral Point 
Count with Microsoft Excel extensions (Kohler and Gill 
2006); this method was able to estimate the points at the same 
exact site over the 12 monthly periods of immersion. The 
point contact design corresponds to approximately a 2-cm in-
terval on the actual substrate, which approximates the size of 
the smallest organisms in the data set. 

The analysis of sessile community patterns via groupings 
based on functional aspects of their morphology and anatomy 
provides substantial insight into community structure since 
the limiting space is common and the abundances reflect their 
competitive ability. According to Steneck and Dethier (1994) 
and Phillips et al. (1997), a functional group analysis can be 
applied more broadly than is possible at the level of species or 
among related higher taxa. Sorting out species-level “noise” 
from significant changes in community structure is a goal of 

the functional approach that often corresponds to ecological 
characteristics.

The taxonomic nomenclature followed the Integrated 
Taxonomic Information System (ITIS 2009). Discrete func-
tional or taxonomic groups were defined based on Steneck 
and Dethier (1994) and De Messano et al. (2009): biofilm 
1, biofilm 2, articulate calcareous algae, encrusting algae, 
macrophyta corticate, filamentous algae, sponge, Hydrozoa, 
Cirripedia and encrusting bryozoans (Table 1). Biofilms 1 and 
2 were differentiated through the identification of the main 
biofilm-forming organisms (Table 1). A functional group thus 
comprises the intrinsic characteristics (e.g., morphological 
and anatomical) that contribute to its ecological success at 
some point along the continua of potential disturbances. The 
time unit of the model was 30 days, although an error of five 
days was considered because of the weather conditions that 
precluded access to the study site at exactly 30-day intervals.

Data analysis

The construction of the transition matrix was conducted 
according to Giordano (2001) and the assumptions of the 
matrix model of succession according to Gotelli (2009). The 
number of contacts at each panel directly represented the 
percentage cover of functional groups. Square matrices were 
created from the original matrix of the record of contacts, 
and the successive functional groups were included over 
time. These matrices showed the transitions of the functional 
groups in absolute values, with the groups that were replaced 
(FROM) in columns and the groups that replaced them (TO) 
in rows; thus, the matrices showed the probability of different 
transitions between the groups. The matrices were prepared 
for each panel and month and for the total set of panels and 
months. The sum of the values of each column represents 
all of the transitions (100%) at all of the points on the set of 
plates, and the sum of rows showed the ability of each func-
tional group to displace the others and cover the previously 
occupied space. A matrix of the probabilities of the different 
transitions between groups was generated from the absolute 
values of the data from each matrix by dividing these val-
ues by the total number of contact points analyzed in each 
panel. According to the assumptions of the succession model 
(Gotelli 2009), the transition probabilities do not depend on 
the spatial arrangement of patches (our functional groups). In 
other words, the probability of change does not depend on the 
identity of neighboring groups.

Two ratios were added to express the additive relationship 
established between the loss and gain of functional groups as 
components of turnover: the first one between the number of 
lost groups and the groups present at the starting time and the 
second ratio was between the number of gained groups and 
the groups present at a subsequent time. The functional group 
“empty space” was included because it is a limiting resource 
for the fouling community. To complement the turnover index 
value, it was assigned a negative sign when the relative loss 
outweighs the relative gain. The turnover index was based 
on Giordano (2001): T = L/STn + G/STn+1, where L is the 
number of functional groups present at time Tn and absent at 

Figure 2. Biofouling multi-experimental units used to support 
the PVC panels.
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time Tn+1 (lost groups), G is the number of functional groups 
absent at time Tn and present at time Tn+1 (gained groups), STn 
= the number of groups, and STn+1 = the number of groups at 
time Tn+1.

The means and confidence interval limits (N = 5 pan-
els/month/side) were assessed using the bootstrap method 
(Caswell 2001). N sets of size n were drawn from the n sam-
ple values, and the respective bootstrap mean for each one 
was calculated. These N means were ordered in increasing 
sequence to obtain the values corresponding to percentiles 
α/2 and 1 – α/2, which represent the lower and upper limits 
of the confidence interval, respectively. We used N = 10,000, 
considering α = 0.05 for n = 5.

The coefficient of complexity was calculated for each 
panel at each time point and it related the number of effective 
transitions of functional groups (number of groups recorded 
in each time point) to the total number of possible transi-
tions (total number of functional groups recorded throughout 
the study). A higher coefficient value indicated a greater 
number of functional groups replaced at a specific time 
point and, therefore, an increased complexity of the web 
(Giordano 2001). The means and confidence interval limits 
(N = 5/month/side) at each panel orientation were also as-
sessed using the aforementioned bootstrap method.

The transition probability matrix from time t to the next 
time t+1 was created from the absolute data of each func-
tional group at each time divided by the total number of 
contact points. The transition probabilities were evaluated 
according to Hill et al. (2004) and were based on four suc-
cessional processes of the organisms in the community devel-
opment: colonization, disturbance, persistence and replace-
ment. Colonization is thought to occur when a group occupies 
a point that was previously vacant. Persistence occurs when a 
point occupied by a group at time t remains occupied by the 
same group at time t+1. Replacement occurs when a point 
occupied by a group at time t is replaced by another group 
at time t+1. Disturbance occurs when a point occupied by a 
group at time t becomes vacant at t+1.

Results

A total of 10 functional groups were identified (Table 
1). The filamentous algae group was the most common and 
abundant on both faces of the panels, and it was followed by 
Cirripedia on the upper face and Hydrozoa on the lower ones 
(Table 1).

The mean values of the turnover rate over the 12 months 
indicated a decreasing trend on both sides of the panels, with 
a higher gain of functional groups in the first half of the study 
period (Figure 3). The negative values indicated that the loss 
of functional groups exceeded the relative gain on the lower 
side of the panels at months 3 and on both sides at month 11 
(Fig. 3a, b).

The coefficient of complexity for the set of transitions was 
higher on the upper face of the panels throughout the entire 
period except for month 10; a downward trend began from 
this stage, indicating a less complex web of transitions on the 

community than at the earlier successional process (Figure 4). 
The complexity of replacement within the functional groups 
remained stable on the lower side, with the highest peak at 
month 10; subsequently, the number of effective transitions 
decreased, which was similar to the upper side.

The successional transition probabilities of the functional 
groups could be assessed from the global matrices for all of 
the observation times at each side of the panels (Tables 2-3). 
At the lower side, the bare space at the beginning of the suc-
cession was mainly occupied by the biofilm 1 group (7.2%), 
replaced by filamentous algae (5.7%) and then preferably 
occupied by Hydrozoa (7.4%; Table 2). At the upper side, 
the initially bare space was mainly occupied by the filamen-
tous algae group (8.1%) and replaced by Cirripedia (3.9%) 
and then by Hydrozoa (2.9%; Table 3). For both sides, these 
groups were the most persistent and preferentially replaced 
by each other (Tables 2, 3).

A total of four types of transitions occurred: a) from a 
bare space to any functional group (colonization); b) from a 
functional group to a bare space (disturbance); c) from one 
specific group to another (replacement); and d) from one 
group to the same group (persistence).

The transition probabilities considering the successional 
process of colonization of the functional groups showed that 
the main earlier colonizers were filamentous algae on the up-
per face of the panels (8.1%) and biofilm 1 on the lower one 
(7.2%; Figure 5a). Apart from these, only Hydrozoa showed 

Table 1. Functional groups recorded on the experimental panels 
at Cabo Frio Island from July 2009 to July 2010, and the num-
ber of points in each face of the panels. Functional groups are 
indicated in the text by the code recorded in the second column 
of the Table.

Functional group Code Up 
face

Low 
face

Biofilm 1 (diatoms including 
Nitzschia, microalgae and 
bacteria)

BI 306 443

Biofilm 2 (diatoms exclud-
ing Nitzschia, microalgae and 
bacteria)

MI 323 50

Articulate calcareous algae CA 626 0

Crustose algae CR 18 176

Filamentous algae FI 2182 1968

Macrophyta corticate MC 0 4

Encrusting bryozoan BC 25 658

Cirripedia CI 1036 437

Sponge ES 183 204

Hydrozoa HI 667 1621

Bare space VA 634 439

Total 6000 6000
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Figure 3. Bootstrap mean of the turnover index in the upper (a) and bottom (b) faces of the experimental panels over the 12-month im-
mersion period on Cabo Frio Island, Rio de Janeiro (N = 5 panels/month/face). The upper and lower limits refer to the confidence intervals 
(a = 0.05) estimated by bootstrap analysis.

Figure 4. Bootstrap mean of the complexity index related to the transitions of functional groups on the upper (a) and bottom (b) faces 
of the experimental panels over the 12-month immersion period on Cabo Frio Island, Rio de Janeiro (N = 5 panels/month/face). The 
upper and lower limits refer to the confidence intervals (a = 0.05) estimated by bootstrap analysis.

Table 2. Global transition matrix of the functional groups on the low face of the panels with the replaced groups (FROM) in the columns 
and groups that replaced them (TO) in the rows. Mean values of 60 matrices corresponding to the observation times with 6000 points of 
contact on five panels sampled monthly of the fouling community on Cabo Frio Island. The functional group codes are listed in Table 1.

BI MI FI CA CR CI HI BC ES MC VA

BI 0.0017 0.0000 0.0007 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0720

MI 0.0043 0.0010 0.0032 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002

FI 0.0568 0.0055 0.1745 0.0000 0.0033 0.0092 0.0388 0.0028 0.0008 0.0003 0.0355

CA 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

CR 0.0002 0.0003 0.0058 0.0000 0.0073 0.0010 0.0102 0.0017 0.0002 0.0000 0.0027

CI 0.0020 0.0002 0.0252 0.0000 0.0005 0.0232 0.0168 0.0017 0.0010 0.0000 0.0023

HI 0.0002 0.0008 0.0740 0.0000 0.0092 0.0287 0.1360 0.0100 0.0137 0.0000 0.0120

BC 0.0002 0.0000 0.0117 0.0000 0.0038 0.0032 0.0222 0.0613 0.0023 0.0000 0.0050

ES 0.0000 0.0000 0.0043 0.0000 0.0025 0.0033 0.0108 0.0013 0.0108 0.0000 0.0008

MC 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0003 0.0000

VA 0.0083 0.0005 0.0258 0.0000 0.0015 0.0020 0.0071 0.0020 0.0007 0.0000 0.0102
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a probability of colonizing higher than 1% on both faces. 
The sum of the transition probabilities showed that the upper 
face of the panels (18.3%) was more likely to colonize by the 
functional groups than the lower ones (7.1%).

The probability of transition from any functional group 
to bare space, which indicates disturbance, was greater for 
filamentous algae on the upper and lower faces of the panels, 
which showed values of 5.0 and 2.6%, respectively (Figure 
5b). The other groups showed a probability of substrate va-
cancy lower than 1%. Biofilm 2, articulate calcareous algae 
and Cirripedia showed the greatest probability of distur-
bance on the upper faces, and biofilm 1, encrusting algae and 

Hydrozoa had the highest probability of disturbance on the 
lower ones. The sum of the transition probabilities showed 
that the upper face features a likelihood of disturbance ap-
proximately twice that of (10.57%) the lower face (5.81%). 

The probability of transition from a specific group to an-
other, which indicates replacement, was higher in the lower 
side of the panels and was represented by filamentous algae 
(12.4%), Hydrozoa (9.9%) and Biofilm 1 (6.2%) (Fig. 5c). On 
the upper side, the main substitutions occurred from filamen-
tous algae (10.7%), Cirripedia (6.6%) and Hydrozoa (5.7%) 
to another functional group (Fig. 5c). The sum of transition 
probabilities showed that the lower side (38.1%) had a higher 

Table 3. Global transition matrix of the functional groups on the up face of the panels, with the replaced groups (FROM) in the columns 
and groups that replaced them (TO) in the rows. Mean values of 60 matrices corresponding to the observation times with 6000 points of 
contact in five panels sampled monthly of the fouling community on Cabo Frio Island. The functional group codes are listed in Table 1.

BI MI FI CA CR CI HI BC ES VA

BI 0.0048 0.0000 0.0042 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0418

MI 0.0005 0.0147 0.0243 0.0000 0.0000 0.0047 0.0008 0.0000 0.0000 0.0088

FI 0.0348 0.0000 0.1975 0.0015 0.0000 0.0168 0.0100 0.0002 0.0000 0.0810

CA 0.0000 0.0010 0.0072 0.0473 0.0015 0.0190 0.0153 0.0000 0.0058 0.0072

CR 0.0000 0.0000 0.0000 0.0008 0.0002 0.0008 0.0008 0.0000 0.0000 0.0003

CI 0.0037 0.0060 0.0385 0.0082 0.0000 0.0872 0.0183 0.0003 0.0013 0.0092

HI 0.0002 0.0263 0.0292 0.0067 0.0002 0.0212 0.0375 0.0005 0.0023 0.0090

BC 0.0000 0.0000 0.0000 0.0003 0.0000 0.0005 0.0022 0.0003 0.0002 0.0007

ES 0.0000 0.0003 0.0027 0.0067 0.0007 0.0027 0.0057 0.0002 0.0093 0.0023

VA 0.0070 0.0055 0.0498 0.0037 0.0005 0.0080 0.0070 0.0000 0.0012 0.0230

Figure 5. Transition probabilities on the up and low faces of the experimental panels over time on Cabo Frio Island, Rio de Janeiro (N 
= 5 panels/month/face): a. FROM bare space TO any functional group (colonization), b. FROM any functional group TO bare space 
(disturbance), c. FROM any functional group TO another group (replacement), d. FROM one group TO the same group (persistence). 
The functional group codes are listed in Table 1.
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probability of substitution of functional groups than the upper 
side (33.7%).

The probability of a group remaining in the fouling 
community differed between the panel sides, especially for 
the groups Cirripedia, Hydrozoa and encrusting bryozoans 
(Figure 5d). Cirripedia was more persistent on the upper side 
(8.9%), whereas Hydrozoa and encrusting bryozoans were 
more persistent on the lower one at 13.6 and 6.7%, respec-
tively. The persistence of filamentous algae was the highest 
among the algae at 19.8% for the upper and 17.5% for the 
lower sides. The sum of probabilities of transition showed 
that both sides have the same approximate probability of per-
manence (upper side: 39.5%; lower side: 40.8%).

Discussion

A successional complementary approach is suggested, 
which highlights species replacement patterns. The collected 
data on fouling community showed that it is possible to use 
Markov chain models as a tool for comparative community 
analysis. The fouling community on Cabo Frio Island was 
used as an analytical tool to evaluate the possibility of in-
ferring probabilistic rules (disturbance, colonization, per-
sistence and replacement) under different light effects as 
well as forecast successional paths. According to Irving and 
Connell (2002), the abundance of sessile invertebrate on 
bottom-facing surfaces is a good indicator of low light in-
tensity. However, this may not always be the main cause of 
such patterns; the build-up of sediments can be detrimental 
to the survival of various organisms, preventing or reducing 
larval settlement and favouring organisms that have already 
become established. The possible influence of sediment was 
disregarded in our study because of the low local sedimenta-
tion rates (Mahiques et al. 2005), relatively shallow depth, 
and active circulation, all of which acted to prevent the ac-
cumulation of sediment on the experimental panels.

The transition matrices were capable to distinguish suc-
cessional processes, which is the best method according to 
Gotelli (2009). The total number of 60 matrices with 6000 
points on the upper side and 6000 on the lower side of the 
panels represented the local fouling community with their 
main functional groups (see at the same area Ferreira et al. 
2001, Guimaraens et al. 2005, Ank et al. 2009, De Messano 
et al. 2009) and the successional processes.

The highest gain of functional groups was observed in 
the first half of the study period along the successional path, 
and this result reflects a rather dynamic replacement at this 
stage. However, the downward trend in turnover values indi-
cated that the loss of functional groups exceeded the relative 
gain regardless of the panel side. Giordano (2001) suggested 
that disturbing agents may cause a reduction in the exchange 
of species in the fouling community at Santos, southeastern 
Brazil. In the present study, the sharp decline of functional 
groups mainly in the third month may have been related to 
local seasonal upwelling from September to November 2010 
because the greatest number of resurgence events occurred at 

this time of year, with a significant decrease in temperature 
values (up to 13.5oC, Masi 2012).

The complexity of species replacement possibilities 
changed along the community successional trajectory. The 
decreasing complexity in the set of replacements of function-
al groups mainly in the final study months suggests that the 
community had begun to show a less complex web of transi-
tions than at the start of succession. According to Giordano 
(2001), a simplification in the set of transitions may repre-
sent a process of linearization or hierarchization of species/
functional groups related to their competitive abilities. The 
predominant groups at the end of the study period were ar-
ticulate calcareous algae, sponges and encrusting bryozoans; 
according to Figueiredo et al. (2004), these species reflect 
more stable benthic communities typical of late succession, 
which is consistent with our results. Sponges and the encrust-
ing bryozoan Schizoporella errata are commonly reported in 
advanced stages of succession and are considered excellent 
interference competitors because of their ability to exclude 
other species (Sutherland 1978, Krohling et al. 2006).

The matrices confirm the four types of species transition 
possibilities in both panel sides: from bare space to any func-
tional group (colonization); from a functional group to a bare 
space (disturbance); from one specific group to another group 
(replacement); and from one group to the same group (per-
sistence). The probability of colonization of the empty space 
on both sides of the panels was similar (lower: 14.1%; upper: 
18.3%), although the transition matrices showed differences 
in the successional process of encrusting assemblages, in 
face of preferential transitions for certain functional groups 
in the community. The transition probability considering the 
successional process of colonization showed that bare space 
was mainly colonized by biofilm 1 and filamentous algae, 
although the probability of colonization of these groups dif-
fered according to the direction of the substrate, which caused 
a negative effect of light reduction on algae (Glasby 1999). 
Larger and erect algae, including articulate calcareous algae, 
which were exclusively observed on the upper side with high-
er light intensity, show longer life spans and slower growth 
compared with the filamentous forms and microalgae, and 
these last characteristics represent an opportunistic strategy 
usually of early stages of succession and disturbed environ-
ments (Steneck and Dethier 1994).

The transition probability indicating disturbance was 
greater for filamentous algae on the upper and lower faces 
of the panels. In the same studied area, Ferreira et al. (1998, 
2001, 2004) concluded that the greater probability of dis-
turbance of filamentous algae on Cabo Frio Island is due to 
fish herbivory, which might have resulted in a probability 
of disturbance approximately twice that of the upper side 
of the panels. The herbivorous fish Stephanolepis hispidus 
(Actinopterygii, Monacanthidae) was commonly observed 
cleaning the panels (personal observation) that was re-colo-
nized by filamentous algae, thus initiating a continuous suc-
cessional process. Ceccarelli et al. (2011) recorded a drastic 
impact of herbivores on algal succession on a coastal coral 
reef in Australia, with their predation delaying the develop-
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ment of the community dominated by palatable filamentous 
algae of the genus Polysiphonia. 

The replacement transition from a specific group to an-
other showed the highest probabilities by the main func-
tional groups as filamentous algae, Hydrozoa, Cirripedia  and 
Biofilm, which indicates their common preferential transition.

The probability of persistence did not differ between the 
panel sides. The increase in mean persistence reflects the 
permanence of recruited organisms in the community, which 
does not indicate longevity but rather the consistency of or-
ganism settlement (Giordano 2001). On both sides, the per-
sistence of filamentous algae was greatest, which most likely 
resulted from their greater ability to compete for space com-
pared to filter-feeding benthic organisms (Coma et al. 2000).

According to Hill et al. (2004), changes in the probabil-
ity of colonization and disturbance have much smaller effects 
on diversity than persistence. Cirripedia and Hydrozoa on 
the upper and lower side, respectively, showed higher per-
sistence than the other functional groups. These barnacles 
are solitary organisms that attach to the substrate following 
settlement and metamorphosis, and they are able to alternate 
between active feeding and passive feeding by moving their 
cirrus and maintaining the cirrus outstretched (Geierman and 
Emlet 2009). Therefore, the greater probability of persis-
tence on the upper side might result from the easy access to 
plankton, which is necessary for feeding and directly related 
to their survival. Many environmental parameters affect the 
presence of Hydrozoa in marine environments, especially lu-
minosity and sedimentation (reviewed by Grohmann 2009). 
On the panels by Masi (2012), such variables were signifi-
cantly smaller on the lower side. The greater probability of 
persistence of Hydrozoa may also be related to these smaller 
rates of sedimentation, which are detrimental to sessile filter-
feeding organisms.

The fouling assemblages at the end of the study period 
were characterized as the most stable because they showed 
greater persistence of articulate calcareous algae on the up-
per side of the panels and encrusting bryozoans on the lower 
side. Dominant species with long life cycles and slow growth, 
including those that characterize these functional groups, are 
typical of late succession and indicate environments with 
high productivity and low levels of disturbance (reviewed 
by Figueiredo et al. 2004). The encrusting bryozoans also 
show improved competitive abilities compared with the other 
sessile organisms, and they not only occupied the available 
space but also grew in other species (Sutherland and Karlson 
1977, Sutherland 1978, Xavier et al. 2008). Colonial organ-
isms may overgrow, which gives them an advantage in the 
occupation of space compared to solitary organisms.

Assessments of the assemblage processes exhibited by 
each functional group indicate the relationship between eco-
logical succession models and the fouling community dy-
namics on Cabo Frio Island. The difference in probabilities 
of transition shown through the matrices suggests a prefer-
ence of specific functional groups for the upper and/or lower 
sides of the panels that is related to the successional process-
es (colonization, replacement, disturbance and persistence). 

According to the succession model proposed by Connell 
and Slatyer (1977), the species settlement at later succession 
stages may be facilitated by earlier organisms. Preferential 
transition in the replacement of functional groups indicates a 
process of facilitation regardless of the panel direction. The 
filamentous algae played a facilitator role on the upper side, 
whereas the biofilms formed by microorganisms, including 
bacteria and diatoms, served as an attractive substrate for the 
settlement of benthic organisms on the lower side. Besides, 
inhibitory processes (Connell and Slatyer 1977) also oc-
curred as indicated by the smaller probability of transition 
from one functional group to another, eg. filamentous algae 
and Cirripedia on the upper side and filamentous algae and 
Hydrozoa on the lower side. The mechanism of tolerance 
(Connell and Slatyer 1977) would have been evident if the 
probability of transition between functional groups were sim-
ilar, which did not occur in the present study.

The formation of patches representing multiple stable 
points (Sutherland 1978) indicated a mosaic patterned dis-
tribution that is common in the sublittoral habitats of natu-
ral substrate (Menge et al. 2005) and fouling communities 
(Sutherland and Karlson 1977, Masi 2012). The changes in 
transition matrices of both panel sides recorded at the time 
scale (12 months) showed that the fouling community succes-
sion is not a sequence of independent states with a simple equi-
librium state, but several cascading events related to different 
transition probabilities, which may change at each time step.

In summary, the succession paths evaluated using the 
global transition matrices changed at each time step because 
they are dependent on the renewal rate of organisms; there-
fore, they are informative of the changing processes in the 
community. Species that have similar functions are replaced 
through competition and herbivory, thus promoting distinc-
tions between earlier and late functional groups. The rate of 
the successional process measured by transition matrices and 
complexity analysis, based on probabilistic rates related to 
the successional community processes may be used to pre-
dict future situations, and thus accept the hypothesis tested. 
Although transition probability matrices for species and 
guilds can be used to improve analyses of successional pro-
cesses, more original data with the same methodology will 
corroborate and support the functional model analysis. As 
generalized by Margalef (1991), the transition probability 
matrices of the fouling community on Cabo Frio Island show 
deterministic components and stochastic elements that render 
them self-organizable community.
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