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Abstract: Suitable colonization materials are a pursued target in marine restoration programs. Known
for making nutrients available while reducing pollutants and the risk of pathogens in terrestrial
ecosystems, Biochar and Bioferment materials of organic origin were tested during a two-year
experiment. We tested the efficacy of these materials for restoration purposes through experimental
concrete tiles treated with Biochar (B) and Bioferment (F) and tiles made of concrete, which were
used as controls (Ct) for the colonization of marine organisms in the marine protected area of Porto
Cesareo, Southern Italy (20 m depth). Tiles were monitored for photographs from October 2019 to
September 2021. Initially, Biochar treatment presented a higher percentage of total benthic cover
(81.23 + 2.76, median =+ SE), differing from Bioferment treatment and control tiles (45.65 + 5.43 and
47.95 + 3.69, respectively). Significant interaction between treatments and times suggests changes in
community structure related to Polychaeta cover increase in Bioferment and control materials from
the second monitoring time. Furthermore, the underwater instability of Bioferment on the tiles could
explain the similarity with control tiles in marine organisms’ covers. Hence, Biochar is shown to be a
material with optimal stability in seawater, demonstrating greater capacity for marine organisms’
colonization in less time compared to the other two materials.

Keywords: material; marine; artificial reefs; artificial structures; benthic; colonization

1. Introduction

With around 40% of the world’s population living in coastal zones, marine ecosystems
are responsible for providing environmental, cultural, and economic goods and services
that are essential for human survival [1]. Nevertheless, the indiscriminate and increasing
use of natural resources, together with the increase in human population density, affects
coastal and marine ecosystems with the loss of habitats and species richness [2,3]. Cumu-
lative impacts require urgent and clear responses based on a solid understanding of the
mechanisms affecting the functioning of key marine ecosystems and reliable restoration
programs. Ongoing transformations and shifts are so complex and synergistic that they
may not be perceived as dramatic changes but as part of our natural adaptation to current
social and economic needs [4].

The Mediterranean Sea is one of the most affected by different stressors, endangered by
pollution and overfishing, and also heated faster than other areas of the planet [5,6]. Porto
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Cesareo is a multiple-use marine protected area (MPA) of the Mediterranean Sea, which
includes areas of relevant conservation value, but the enhancement of human activities
has led to the degradation of the quality of the environment [7]. Thus, the improvement of
tools that allow the restoration of marine and coastal ecosystems in these areas needs to be
addressed to recover the functionality of the systems.

New concepts of restoration, going beyond the already well-structured know-how that
we have gathered during the last decades [8,9], have to be applied to effective scaling-up
with wider integration and participation. Artificial structures or artificial reefs can be
employed as a tool for the restoration of marine ecosystems, seeking to mimic natural hard
substrates and creating underwater gardens covered with typical species found within
confined environments, such as filter feeder Polychaetas, sponges, and ascidians [4,10]. Still,
the interest in artificial reefs also leads to the possible negative impacts of using unsuitable
materials [10]. Increasing the biodiversity and complexity of ecosystem functioning through
active hard corals, macroalgae, sponges, and gorgonian gardening may be a good solution,
but we still lack clear information about the optimal conditions in terms of materials to
make a reasonable and sustainable upscaling [4].

In general, it is assumed that the type of material will determine the development
of the first steps of the benthic community [11]. In this sense, the selection of materials
for artificial structures for marine ecosystem restoration must involve environmental and
ethical considerations [12], as well as ecological requirements of the biological community,
alongside economic, logistic, and engineering factors [13]. Although guidelines have been
developed to support the placement of artificial reefs in European seas [10], further studies
are needed to evaluate the specificity of material needs for each locality to be restored.

Some concrete processing techniques aimed at mitigating impacts have been tested
using different mixtures, whether for cost reduction [14], for mitigation of heavy metals in
the reuse of waste materials [15], mixed with biogenic material [16], in adapting concrete
to promote the growth of marine organisms [17,18], or in limiting the life cycle of the
structures [19].

Biochar is a material that valorizes biomass residues (i.e., a solid product of biomass
pyrolysis) while having environmental benefits, such as climate change mitigation for its
potential for carbon sequestration and the reduction of nutrient leaching [20]. Biochar is
commonly used as a bioremediatory component in agricultural soils and recently as an
admixture to cement, used in construction with excellent mechanical, electrical, thermal,
and chemical stability [21,22]. Furthermore, Biochar is a carbon-rich and porous solid mate-
rial that can be produced through the thermochemical conversion of biomass (pyrolysis,
hydrothermal carbonization, gasification, and torrefaction) in the presence of little or no
oxygen. Its unique qualities, such as large surface area, calorific value, hydrophobicity, high
porosity, high cation exchange capacity, and stability, help in the mitigation of various envi-
ronmental impacts such as soil amendment, remediation of environmental contaminants,
and wastewater, as well as contributing to the sequestration or immobilization of carbon,
among others. For this reason, Biochar has received more attention in environmental
matters [23,24].

This material has been applied mainly in terrestrial ecosystem remediation, immo-
bilizing solidified radioactive waste when submerged [21], immobilizing heavy metals
for soil remediation [25], and in construction for absorbing electromagnetic waves [26].
Few studies have evaluated the performance of Biochar material on marine sediment
remediation [27-30]. However, Biochar has not been tested on the colonization of marine
organisms, particularly with restoration purposes during the early stages of succession,
which can reflect the ecosystem dynamics and anticipated changes over time [31], and due
to the interest in the velocity of the restoration action on the degraded ecosystem.

On the other hand, it is known that microorganisms in ferments can help with the
degradation process of solid organic waste [32], as well as the degradation of pollutants in
terrestrial and marine environments [33,34]. The process implies three principal benefits:
(i) the element’s decomposition of the organic matter used for fermentation, turning them
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into available nutrients; (ii) the remediation of the substrate; and (iii) the reduction of
pathogenic microbiota and phytotoxicity by the action of some bacteria in ferments [32].
In addition, animal manure, among which cow manure, makes available large amounts
of solid organic waste due to a great demand for livestock production that provides food
for the human population, working as raw material to produce Bioferments [32]. Thus,
Bioferment production from cow manure could assist for several purposes, from recycling
organic solid waste [35] to bioremediation through the disintegration of hydrocarbon and
plastic pollutants [32,33] to the production of bio-hydrogen [36]. Such material may be
interesting in terms of testing for the first stages of colonization, boosting the surface
microbiota, and facilitating its settlement.

In this study, we hypothesize that the qualities of Biochar and Bioferment materials
may assist marine organisms in the first steps of colonization in terms of diversity and
abundance, as they should make available nutrients through the decomposition process by
bacteria while degrading the possible toxicities of materials used for artificial structures
such as concrete and also reducing the risk of pathogens for marine organisms. Different
materials might influence the structure of marine organisms colonizing, and to test it, we
assessed benthic community development on Biochar and Bioferment materials, compared
with concrete material as a control, with restoration purposes in Porto Cesareo.

2. Materials and Methods
2.1. Study Area

The Porto Cesareo is an MPA established in 1997 (40°15’ N-18°53' E, Figure 1). It
is located along the Ionian Sea coast (Apulia, Southern Italy), between Torre Colimena
and Torre dell’Inserraglio, facing the village of Porto Cesareo. It extends for about 18,000
m along the Porto Cesareo coastline and 6000 m along the Nardo coastline, occupying
17,156 ha at sea [37]. The area has a moderate human impact due to a relevant increase in
the human population since 1991 and to the high tourist pressure [7].

B1

Biochar (B) Bioferment (F) Control (Ct)

B2

B3 F1 F2 F3 ct1 ct2 ct3

B4

BS

B6 F4 F5 F6 ct4 Ct5 Ct6

Figure 1. Experimental design with treatments of different materials at the first monitoring time.
Codes correspond to replicates for each material type.

The substrate of the study area is mainly composed of coarse sand, although it has
coralligenous formations with algal dominance [7,38]. The temperature ranges from
15 to 25 °C (maximum peaks of 30 on the surface in the summer), with a peak of high
temperatures between May and July and lower temperatures between December and
March [39]. Although a marine protected area, the study area is dominated by colonizer
organisms with low meiobenthic taxa richness (Copepods and Annelids), which indi-
cates an immature stage of the community, commonly due to intervened or impacted
ecosystems [7,40].
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2.2. Experimental Design and Construction

The construction of the tiles for the Biochar treatment involved mixing biochar with
commercial cement (Portland cement) and sand at a ratio of 1:1:4. The composition was
mixed, blended, and controlled at 25° for 3 days, then molded and dried. The Bioferment
treatment consisted of a liquid mixture, resulting in a process of decomposition and fer-
mentation in the absence of oxygen (anaerobic) from organic vegetable and animal residues
(straw and crop residues). Contains nutrients of high nutritional value (ammonia, nitrogen,
hormones, vitamins, and amino acids). Its production is a relatively simple and low-cost
process, as the preparation inputs are local, although its elaboration takes a period of two
to three months. It was applied in layers after the activation of the Bioferment mixture,
which consists of mixing the Bioferment liquid for 30 min and applying it to concrete tiles
before their submersion.

We tested the efficacy of different material types for the colonization of marine organ-
isms. Experimental tiles of 20 cm x 20 cm, consisting of Biochar treatment (identified as B),
Bioferment treatment (identified as F), and control tiles (identified as Ct), were submerged
for macrofauna colonization. Six replicates (six tiles) of each material, from now on men-
tioned as treatments and control tiles, were deployed attached to a frame in an artificial reef
(Figure 1) located in Zone A of the integral reserve (zone A corresponds to the maritime
space parallel to the coast between the geographic points 40°1439.59” N, 17°53/26.41" E,
and 40°14'8.99” N, 17°54'13.21" E). On vertical surfaces, abiotic factors may be more impor-
tant for structuring community settlement [41]. Hence, all tiles were deployed in similar
conditions: at 20 m depth, in vertical orientation, and at the same angle to the currents.
The tiles of each treatment were deployed close to each other to facilitate identification
during sampling.

2.3. Data Collection and Processing

Tiles were monitored through underwater photographs from October 2019 in a
4-5 month period (February 2020, July 2020), except for the last sampling (September
2021), which was 14 months after due to COVID-19. The photographs were taken by expert
divers, taking into account the same distance and angle for each sampling photograph.
Control tiles were not photographed during the second monitoring time due to logistic
issues. To measure the percentage cover of major taxon groups, the images of colonized
tiles were subdivided into 16 equal squares, and four subdivisions were randomly selected
for each sampling time. Two tiles of the treatment of Bioferment (F) were lost at the second
time of monitoring. A total of 240 replicates of photographs of colonized tiles were ana-
lyzed using the software Photoquad v1_4 [42]. The measure of benthic groups covered in
subdivisions was made using a layer-based analysis with a grid of 144 cells of 12 pixels,
combined with a multiscale image segmentation with visual correction (Figure S1).

The main benthic groups, including macroinvertebrates and macroalgae, were ana-
lyzed in terms of the percentage of cover for each material among the four monitoring
times. Less frequent benthic groups were summarized as “other groups” and included
members of Porifera, Cnidaria, and other colonial species that were not possible to visually
identify from images (Figure S2).

2.4. Data Analysis

To test differences in the percentage of cover and Shannon diversity index values of
major benthic groups among the materials, monitoring times, and their interaction, univari-
ate and multivariate permuted analyses of variance (PERMANOVA) of 999 permutations
with Euclidean and Bray Curtis distance matrices, respectively, were performed using the
function Adonis2 from package vegan. Factors included in the analysis were treatments of
materials and control with 3 levels of variation (B, F, and Ct) and monitoring times with
four levels of variation at the 4th, 8th, 13th, and 27th months of colonization time (T1, T2,
T3, and T4 monitoring times). To assess significant differences from the PERMANOVA
test, the heterogeneity of data dispersion was tested on major taxon cover for each factor
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using the betadisper function from the vegan package and pairwise comparisons using
the mvpaircomp function from the biotools package. The Shannon diversity index was
estimated from the mean percentage cover of benthic groups for each treatment and time
of monitoring. Diversity values were also analyzed through a glm to detect differences
between treatments and times of monitoring. All analyses were performed using RStudio
2023.03.0+386 software.

3. Results

Several taxon groups were recognized, including assemblages of microbes and algae
(turf) and Polychaeta (mainly Sabellidae) between the dominant benthic groups in tiles,
followed by green algae (Acetabularia sp.) and brown algae (Padina sp.), and less frequent
groups such as sponges, ascidians, mollusks, cnidarians, and other colonial species that
were not possible to identify with the pictures, gathered in “other groups”. In total,
four main benthic groups remained for data analysis (i.e., turf, Polychaeta, algae, and
other groups).

Polychaeta and turf groups had a marked presence in all treatments and control tiles
throughout the study period. However, treatment tiles varied qualitatively from simpler to
more complex surface tiles, especially in Biochar treatment during the 13th and 27th months
of colonization, compared with the rest of the tiles (Figure S1). Green algae were present
during the first and last periods of colonization.

The multivariate PERMANOVA test on the benthic groups covered showed significant
differences among material treatments, monitoring times, and their interactions (Table 1).
The factor time and the interaction treatment and time had the major variation component,
explaining the 35 and 12 percent variation in the analysis, respectively (Table 1). Suggesting
a temporal variation of benthic group cover according to material types.

Table 1. Multivariate PERMANOVA on the cover of all main benthic groups.

Source of Variation Df SS R? F Pr F)
Treatment 2 0.7966 0.04214 9.9689 0.001 i
Time 3 6.5522 0.34660 54.6622 0.001 *Hx
Treatment xTime 5 2.4055 0.12725 12.0408 0.001 wEx
Residual 229 9.1498 0.48401
Total 239 18.9041 1
*** p <0.005.

However, 48% of the variation was not explained by the experiment, and the data of
both treatment and time factors are significantly heterogeneous regarding the dispersion
of the data (p < 0.05). A principal component analysis (PCA) shows the heterogeneous
dispersion of the data among the materials and times (Figure S2). Therefore, significant
differences in PERMANOVA tests must be taken with caution. All treatments overlap
among them; however, Biochar treatment data is grouped in the center of the graphic,
while Bioferment treatment and control data are scattered and peripherally distributed
(Figure S2A,B). In the same line, we can see the dispersion of the monitoring time data,
showing T1 tending to the left of the graphic and T2, T3, and T4 overlapping to the right,
suggesting that there is a clear temporal variation of benthic colonization (Figure S2C,D),
which could be more related to a local environmental variation, such as temperature,
seasonality, etc.).

Treatment differences are given by the Biochar treatment, which differed from the
Bioferment treatment and control tiles in terms of total benthic cover throughout the
study period (p < 0.05, Figure 2). Furthermore, Biochar treatment presented the highest
total benthic cover during the first period (81.23 & 2.76, median + SE) (Figure 2), while
Bioferment and control tiles were colonized at 45.65 & 5.43 and 47.95 £ 3.69 percent during
the same period, respectively.
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Figure 2. Total coverage of the main groups of benthics among the material treatments.
B = Biochart, F = Bioferment, and Ct = concrete as a control; T1 = fourth month, T2 = eighth month,
T3 = third month, and T4 = 27th month. Pairwise T-test results legend: ns = no significant differences,
** p < 0.05, ** p < 0.005, and *** p < 0.0005.

However, the total benthic cover increased afterwards for Bioferment treatment and
control tiles and maintained higher levels during the rest of the study. These materi-
als showed the same pattern, as there is no evidence of differences between Bioferment
treatment and control tiles in terms of total benthic cover (p > 0.05, Figure 2).

Besides this, the significant interaction between treatments and time suggests changes
in community structure related to certain materials depending on the colonization time.
This can be observed in Bioferment treatment and control tiles, which vary from a low cover
in the first monitoring time to higher coverage of benthic organisms in the rest of the study
and show a similar pattern of colonization, which has the Polychaeta group as a dominant
component of the community structure after the first period of colonization from there on
(Figure 3). In contrast, Biochar treatment showed a rapid settlement of benthic organisms
with high coverage, in which turf and Polychaeta were both important components of the
species composition of tiles throughout the study period (Figure 3).
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Figure 3. Temporal variation of benthic group cover among treatments.

Moreover, univariate analyses of each benthic group showed significant variation
among treatments, time, and their interactions. However, the main source of variation was
related mostly to the time in all cases (p < 0.05), which could be associated with temporal
variation due to changes in local environmental conditions.

Furthermore, the Shannon diversity index of the main benthic groups in Biochar
treatment differed from other treatments when pairwise comparisons were made, as well as
the third time of monitoring differed from the other times of monitoring (Table S1, Figure 4).
During the first and last periods of colonization, diversity values were higher, whereas
they were lower during the second and third periods of colonization for almost all the
treatments. Thus, the diversity of the main benthic groups shows a U-shaped trend, which
was less marked for Biochar treatment (Figure 4).

1.3
1.2
114 Treatment
_._ B
r Ct
1.0 -+ F
0.9
0.81

10 20 30
Colonization time (Months)

Figure 4. Temporal variation of the Shannon diversity index of the main benthic groups among
treatments.
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4. Discussion

The assessment of successional stages is necessary to understand long-term ecological
dynamics, predict changes in the ecological community, and assess the benefit of restoration
programs instead of applying a static evaluation that could mask a failed restoration [43].
Furthermore, the monitoring of sessile or sedentary benthic organisms in hard bottoms
brings more possibilities for study and reveals changes in the community structure of
benthic habitats, as its stability permits observation of the development of colonization and
spatial heterogeneity compared to water columns and soft bottoms [44]. Sessile organisms
are more susceptible to impacts because of their low capacity to escape, making them more
accessible to monitor marine environmental changes [44].

In the present study, the observations of the benthic community on tiles showed
significant differences between materials and periods considered. Biochar presented a
significantly higher benthic cover than the Bioferment treatment and control tiles, while
this coverage rate was reversed over time, with the two last treatments not significantly
different throughout the study period. In this sense, Biochar differences were maintained
throughout the study period.

The succession of benthic organisms in Bioferment treatment and control tiles was
given through a shift in taxon group cover at the eighth month (second period of coloniza-
tion), with a rapid increase in Polychaeta group cover remaining the dominant group in
both treatments until the final period of colonization. For Bioferment treatment, Polychaeta
cover increased 4.6 times in four months, from 10.54 + 0.63 (median + standard error %
cover) for the first period of colonization to 48.4 &= 1.13% and 49.68 £ 0.65% for the second
and third periods, respectively, and to 43.82 + 0.85% for the fourth period. Similarly, in
control tiles, the Polychaeta cover increased more than seven times in 4 months, changing
from 7.98 + 0.44% to 58.16 £ 0.48% for the third period (control tiles were not sampled
during the second period, T2) and to 51.01 & 0.49%. In this sense, Bioferment treatment
and control tiles presented a higher total benthic cover at the end of the study compared
with Biochar treatment.

Conversely, Biochar treatment did not increase the total benthic cover during the
second period of colonization, nor did experiments with the shift of taxon group cover.
Although Polychaeta cover increased for all tiles, it did not surpass the turf community
cover in the case of Biochar treatment. In this sense, while the Biochar treatment did not
achieve a higher total benthic cover in the final period (T4), this treatment displayed a
buffer effect on taxon group cover shifts through the successional process. Following the
Polychaeta group cover, it only increased two times in a 4-month period, from 16.3 & 0.45%
for the first period to 31.87 4 0.57% and 41.39 + 0.77% for the second and third periods,
respectively, and decreasing to 22.35 & 0.82% for the fourth period (Figure 3).

Biochar treatment also showed a steady trend in diversity index values, compared
with Bioferment treatment and control tiles, as well as higher diversity indexes throughout
the study period, apart from the last monitoring period (T4). Restoration ecology has
been based conceptually on the succession process, as it suggests there is a pathway
to a desired restoration stage [45], which occurs through the colonization of pioneer or
opportunistic species until it achieves a steady state or climax. Hence, through the two years
of colonization, Biochar treatment showed that it may be an accurate technology for
underwater artificial substrates and an effective material for marine organisms’ colonization
in a more stable way.

Other studies found that richness is usually similar between different colonization
substrates at a determined locality; however, it could differ in terms of the abundance
of species or functional groups depending on the material nature [13], agreeing with our
study findings. In general, all the main techniques for coral restoration report similar
average survival and growth rates, so decisions on what techniques to use should be
based on local conditions, cost, availability of materials, and appropriateness based on
stated objectives [46]. Generally, it is assumed that the type of material will determine the
development of the benthic community [47].



J. Mar. Sci. Eng. 2024, 12,169

9of 12

Interestingly, the evident presence of the Polychaeta taxon group could be due to
aquaculture sites of Sabella spallanzanii (Gmelin, 1971) near the study area, which are
reported to have better conditions to grow in depths around 15 m [48], which is like the
depth implemented in our study (20 m). The consistency of differences in benthic taxon
cover by treatments, however, shows a clear effect of materials on benthic marine organisms’
colonization. In turn, the colonization of “other” taxon groups appeared in the third period
(27 months after submerging the tiles) in all treatments, accompanied by the algae taxon
group only in the cases of Biochar treatment and control tiles.

Qualitatively, as previously mentioned, the tiles of the Biochar treatment showed
more structurally complex surfaces during the last colonization period of 18 and 27 months
(T3 and T4) compared with the first periods of four and eight months (T1 and T2) (Figure S1).
In this sense, researching the mechanisms behind the Biochar material used as a com-
plement in concrete structures for the colonization of marine organisms would help to
understand how the apparent increase in structural complexity occurs (e.g., to know if
this material additive may offer greater surface availability for colonization or make a
difference in other factors such as shelter, shade, habitat, and food availability compared to
other materials). This way, we could better understand how to improve biodiversity and
biomass loss in degraded ecosystems while assisting marine restoration [4,49].

Also, differences detected related to materials would not be due to differences in
installation conditions, as the proximity of the tiles guarantees that they had the same envi-
ronmental conditions as temperature, salinity, depth, light availability, vertical orientation,
and disposition facing the same direction to the current.

Biochar can sequester CO, [20]. In addition, this material showed a more stable
response than other tested materials, such as Bioferment (according to the author’s ob-
servation in the field). This could be related to the physical-chemical stability of the
material [20,23,24,50], which is an important aspect for the restoration of marine ecosys-
tems as hard materials increase coral transplant survival [51]. Materials must be durable
during submersion and removable from the sea bottom, as required by some legislation in
European countries (i.e., Spain or Italy).

In addition, Bioferments have several uses, from mitigators in oil spills [33], bio-
hydrogen production [36], to plastic degradation [52]. Along the same lines, composting
is an effective method of recycling organic solid waste, and it is the key process linking
planting with recycling [35]. However, Bioferment material in the form of a liquid layer was
not successful as the material dissolved in seawater (personal observations during the first
monitoring time) and did not contribute to a significant increase in benthic invertebrate
cover, as there were no significant differences in the percentage of cover of benthic groups
in Bioferment compared to control tiles in the present experiment.

We acknowledge that, although other approaches, which could include biochemical
and physical studies of colonized surfaces, could provide more information to understand
the interaction between materials and colonizing organisms, the approach we decided to
use, through photographs, is widely used and has brought results that contribute to interest-
ing findings, especially when it comes to first tests on new materials for marine restoration.

Moreover, it has recently been determined that hard artificial reefs for transplantation
are more effective in a couple of years than those without transplantation and other struc-
tures, despite being submerged for more than 100 years [53,54]. Hard artificial structures
are usually made of concrete due to the availability and strength of this material when
submerged. Materials of organic origin are more difficult to use than hard materials be-
cause their nature tends to disintegrate, reducing the survival of marine invertebrates, as
occurred with coral transplants [55]. In this sense, the development of new types of hard
organic-originated materials for the creation of artificial reefs as support structures for
other restoration actions such as transplants, nubbins, and sea gardening, among others,
is essential. The next step is understanding the economic and energy/material potential
constraints to make an efficient upscaling of artificial reefs for marine restoration with new
materials such as the concrete-Biochar mixture.
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5. Conclusions

In this study, Biochar treatment was suitable for having rapid colonization and creating
a complex surface in tiles, developing a diverse species composition. Past experiences
show that the mitigation of human impacts can allow the recovery of marine populations,
habitats, and ecosystems. In this context, if multiple human pressures are mitigated (such
as, for example, marine pollution and climate change), the health conditions of the oceans
could improve by 2050 with such growing evidence about new restoration methods and
materials [56].

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmse12010169/s1, Figure S1: PCA showing the heterogeneous dispersion
of data of benthic invertebrate groups by treatments shown in points (A) and overlapped colored
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