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restored macroalgal forest
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Active restoration actions are becoming increasingly common for the recovery

of degraded ecosystems. However, establishing when an ecosystem is fully

restored is rarely achieved, since the recovery of entire communities needs

long-term trajectories. The lack of evidence of success is even more severe in

marine ecosystems, especially in the context of macroalgal forests, where

beyond the vegetation structure and species diversity there is no

approximation determining the recovery of the overall functionality. Trait-

based ecology facilitates the link between species composition and ecosystem

functions and processes. In this study, we used a trait-based approach to assess

functional recovery ten years after the start of a restoration action in a marine

macroalgal forest. Species and functional diversity were compared among the

restored locality, a nearby locality where the expansion of the restoration is

naturally occurring, a neighbouring non-restored locality (at a distance of a few

meters), and the only two remaining localities dominated by the same structural

macroalga that were used as reference (non-perturbed). Species diversity and

composition of the restored locality were similar to those found in reference

macroalgal forests, while the non-restored and expansion locality showed

different species composition and lower species diversity. Functional richness

was 4-fold higher in the restored locality than in the non-restored one, even

surpassing one reference macroalgal locality. The restored locality showed a

greater number of trait categories, especially traits related to higher structural

complexity and longer life spans, indicating changes in ecosystem functions and

processes. The restoration of a canopy-forming macroalga is the first step to

achieving the recovery of an entire macroalgal forest (i.e., associated species and

functional diversity). The application of traditional taxonomical indices plus

functional parameters provides useful insights into the assessment of the

success of restoration actions at the community level, emerging as a

promising approach to be replicated and contrasted in other marine and

terrestrial ecosystems.
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2023.1176655/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1176655/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1176655/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1176655/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1176655/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1176655&domain=pdf&date_stamp=2023-06-02
mailto:emma@ceab.csic.es
https://doi.org/10.3389/fmars.2023.1176655
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1176655
https://www.frontiersin.org/journals/marine-science


Galobart et al. 10.3389/fmars.2023.1176655
1 Introduction

The impact of humans on natural environments occurs in a

wide variety of the world’s ecosystems, mainly derived from

changes in land use, pollution, and exploitation of natural

resources (Sanderson et al., 2002; Foley et al., 2005; Ellis et al.,

2010). These human alterations have led to widespread habitat loss,

changes in biodiversity, species invasions and extinctions, and

declines in ecosystem condition (Butchart et al., 2010; Ceballos

et al., 2015). Consequently, shifts in the functioning of ecosystems

have been detected and, in some cases, changes in some ecosystems

services that are of value for human societies (Dobson et al., 2006;

Cardinale et al., 2012).

Some ecosystems are so degraded that natural recovery is

almost impossible in short and medium terms, even when the

impacts leading to their collapse have been removed. Human-

mediated restoration initiatives are often applied, becoming one

of the only tools capable of reverting the loss of an ecosystem

(Dobson et al., 1997; Holl & Aide, 2011). Ecological restoration has

emerged as a critical measure for the management of heavily

degraded ecosystems and is now a global priority (Aronson &

Alexander, 2013; Suding et al., 2015). Supporting this idea, the

Convention on Biological Diversity has set restoration targets

(Secretariat of the Convention on Biological Diversity, 2014), and

in 2019 the “United Nation Decade of ecosystem restoration 2021-

2030” was declared. In fact, the number of undertaken restoration

actions has increased notably over the past decades (Wortley et al.,

2013; Carlucci et al., 2020), evolving from mitigation – removing

human disturbances to allow for unassisted recovery – to active

restoration – direct interventions in an effort to intentionally

influence the trajectory of recovery (Simenstad et al., 2006; Elliott

et al., 2007).

Some ecosystems have traditionally been more actively restored

than others (e.g., terrestrial forests and grasslands) and several years

of practice have determined what characterizes successful

restoration. In general, vegetation structure, species diversity, and

ecosystem functions have been suggested as the three key attributes

to assess restoration outcomes (Ruiz-Jaen & Aide, 2005; Wortley

et al., 2013). However, while the trajectory of vegetation structure

(e.g., vegetation cover, density, and biomass) and species diversity

(e.g., richness and abundance) following restoration is well

understood, knowledge regarding the recovery effect on ecosystem

functions is still limited (Brudvig, 2011; Kollmann et al., 2016).

Many evaluations of restoration success first focus on the

development of the target species because it is broadly assumed

that following its recovery it will add structure to the habitat (Geist

& Hawkins, 2016). In doing so, other associated organisms should

benefit from the increase in structural complexity and the

ecosystem will eventually recover its processes and functions

(Geist & Hawkins, 2016). However, recent studies have

demonstrated that in some cases either species composition or

ecosystem processes have not been fully re-established, pointing to

the need to empirically test the relationship between the recovery of

a target – usually foundation species – and the processes and

functions of the ecosystem (Rey Benayas et al., 2009; Moreno-

Mateos et al., 2012; Crouzeilles et al., 2016). In this line, assessment
Frontiers in Marine Science 02
of ecosystem functional recovery should include not only target

species viability but also quantifiable properties to describe the

community in terms of structure alongside ecosystem functions

(Montoya et al., 2012).

Trait-based ecology enables the analysis of the influence of

species identity and composition on ecosystem functions and

processes (Garnier et al., 2004; McGill et al., 2006). Functional

traits are determined by morphological, physiological, and

biological characteristics of the species and are considered

relevant to influence the environment, affecting ecosystem

properties and services (Violle et al., 2007; Dıáz et al., 2013).

Thus, functional diversity indices based on trait information

improve the understanding of the functioning of an ecosystem

(Mouillot et al., 2013), and when used together with traditional

taxonomic-based indices they can provide a comprehensive

evaluation of restoration projects (Cadotte et al., 2011; Montoya

et al., 2012; Laughlin, 2014). Indeed, the application of functional

trait approaches to ecological restoration is receiving growing

attention worldwide (Carlucci et al., 2020), with some examples

mainly focused on vegetation (e.g., Piqueray et al., 2015; Engst et al.,

2016; Zirbel et al., 2017). To achieve in-depth and thorough

assessments of functional recovery, studies should include as

many species as possible and a broad combination of traits

encompassing different facets of ecological processes. To this

effect, comprehensive assessments are still needed for many

ecosystems, probably because the required surveys to gather

information about different species groups and species traits is

challenging and time consuming.

In marine coastal regions, brown seaweeds can create complex

ecosystems often described as macroalgal forests, where macroalgae

are the major contributors to primary production, providing food

and shelter for other organisms, and consequently hosting an

important biodiversity hotspot (Steneck et al., 2002; Smale et al.,

2013). In the Mediterranean Sea, macroalgal forests are

characterized by canopy-forming species of the genus Cystoseira

sensu lato (including the genera Cystoseira C. Agardh, Gongolaria

Boehmer and Ericaria Stackhouse; Molinari & Guiry, 2020),

representing the highest level of complexity. However, several

Mediterranean macroalgal forests have been declining over the

last decades, such that previously widespread Cystoseira s.l.

species have become locally extinct or their populations have

been severely reduced and fragmented (e.g., Thibaut et al., 2005;

Thibaut et al., 2015; Mariani et al., 2019). The first example of a self-

sustaining macroalgal population after restoration in the

Mediterranean Sea was reported by Verdura et al. (2018). In

March 2011, a single restoring action allowed the recovery of a

previously extinct population of the macroalga Gongolaria barbata

in the Bay of Maó, Menorca (NW Mediterranean) (Figure 1). The

species thrived in the area one hundred years ago, but it became

locally extinct following a reduction in water quality related to waste

water effluents and harbour operations (Sales et al., 2011). Even

when water quality was improved due to management measures

involving stopping wastewater dumping, G. barbata populations

were unable to recover. The success of the restoring action was first

assessed considering the density and size structure distribution of

the target species, which showed comparable values to those
frontiersin.org
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obtained in the reference population (Verdura et al., 2018)

(Figure 1). The presence of fertile individuals and new recruits

confirmed that the restored population was self-maintained. More

recently, a high-resolution cartography was carried out to describe

the expansion patterns of the population, finding an increase of

three orders of magnitude in the area occupied by G. barbata since

the restoring action took place (Gran et al., 2022).

The lack of recovery evidence is even more severe in marine

ecosystems, since marine restoration science is very young in

comparison to its terrestrial counterpart (Elliott et al., 2007; Rey

Benayas et al., 2009; Kollmann et al., 2016, but see Saunders et al.,

2020), representing only 7% of all restoring actions available in the

literature (Blignaut et al., 2013). In the context of macroalgal forests,

the few worldwide successful examples of active restoration are

focused on the recovery of canopy-forming species (Whitaker et al.,

2010; Verdura et al., 2018; Fredriksen et al., 2020; Layton et al.,

2020; Cebrian et al., 2021). To our knowledge, only two studies have

introduced the measurement of the re-established diversity,

addressed by species composition and their abundance (Ling,

2008; Marzinelli et al., 2016). Further, macroalgal restoration

projects are in general maintained over time spans of less than 2

years (Eger et al., 2022).

Here, we assess for the first time the recovery of ecosystem

functions in a ten-year restored macroalgal forest dominated by

Gongolaria barbata. Using both traditional taxonomical indices and

a functional trait approach, we test the assumption that after the

reintroduction of the primary and structural species the associated

biodiversity will recover and, in turn, the associated ecosystem
Frontiers in Marine Science 03
functions and processes. We also hypothesised that the time since

the presence of the structural species will influence the outcomes,

with longer periods showing better recoveries. To do so, we

considered the entire algal species composition and included 14

functional traits related to major aspects of the macroalgal species

ecology. The main aim of the present study is to provide evidence of

macroalgal taxonomical and functional recovery by describing a

valid and solid approach which can be easily replicated and

compared among marine and terrestrial ecosystems.
2 Materials and methods

2.1 Localities and sample collection

To study the taxonomical and functional recovery following

restoration we have surveyed five different localities: the focus of the

initial restoration intervention, with > than 9 years of the structural

species presence (hereafter “Restored”); a nearby locality where G.

barbata is growing and represents the natural expansion of the

restoration, with > than 3 years of the structural species presence

(hereafter “Expansion Area”); a non-restored locality placed 100 m

from the restored one and where the structural species has not yet

arrived, representing the “before-the-action” locality (hereafter,

“Non-Restored”); and two reference localities where the

specimens used in the restoration come from, Cala Rotja

(hereafter, “Reference 1”) and Miami (hereafter, “Reference 2”)

(Figure 2). “Reference 1” and “Reference 2” corresponded to the
FIGURE 1

(A, B) Gongolaria barbata locality after the restoring action in the Bay of Maó (Menorca); (C) the “before-the-action” locality sat in the Bay of Maó; and
(D) G. barbata habitat in one reference locality, in Cala Rotja. Photo credits: Xavi Calsina (@XCalsi; A), Enric Ballesteros (B), Cristina Galobart (C) and Jordi
Boada (D).
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only two remaining G. barbata populations in the Spanish

Mediterranean and nearby France (the closest population is found

hundreds of km away), and represent mature and well-established

G. barbata habitats (Sales & Ballesteros, 2009; Verdura et al., 2018;

Mariani et al., 2019). All the studied localities were shallow (0-1 m

depth) and sheltered.

To determine the benthic macroalgal composition, three

samples (replicates) were randomly collected at each locality in

summer 2019. For each sample, the whole community was

removed from an area of 20 x 20 cm with hammer and chisel

(Ballesteros, 1986). The sampling area and the number of

replicates were based on the information provided by previous

studies that defined the minimum sampling area for

Mediterranean infra-littoral assemblages dominated by canopy-

forming macroalgae (Cinelli et al., 1977; Dhondt & Coppejans,

1977; Boudouresque and Belsher, 1979; Coppejans, 1980;

Ballesteros, 1992; Sant et al., 2017). The use of this number of

replicates and the area of each sample represents a well-

established method across Mediterranean literature (e.g.,

Mangialajo et al., 2008; Orlando-Bonaca & Rotter, 2018; Piazzi
Frontiers in Marine Science 04
et al., 2018; Sedano et al., 2019). Samples were placed in plastic

bags and preserved in 4% seawater-formalin solution for further

laboratory identification. Most macroalgal individuals were

identified to species level and, whenever this was not possible, to

genera level. Species abundances were calculated as dry weights

(in g), obtained after 48 hours of drying at 60°C.
2.2 Traditional biodiversity indices

For each sample, we calculated species biomass (B), species

richness (S), and species diversity (Shannon-Wiener index, H’).

One-way ANOVA with locality (five levels: Non-Restored,

Restored, Expansion Area, Reference 1 and Reference 2) as a

fixed factor was then performed for each index. We tested for

normal distribution of residuals and homogeneity of variances

using Shapiro-Wilk and Levene’s tests, respectively, to check the

assumptions of the model (all p-values > 0.05). When the ANOVA

proved significant results we performed Tukey pairwise-

comparisons to test for differences between locality pairs.
FIGURE 2

(A) Map of Menorca, NW Mediterranean; (B, C) Restored, Expansion Area and Non-Restored sampling localities in the Bay of Maó (collected
100 m apart); (D) Reference localities of Gongolaria barbata in Fornells Bay. The lower plot (C) was produced by Gran et al. (2022) and
represents the abundance of G. barbata restored population, showing the two focal points of the restoration action (delimited by square
quadrats) and the expansion area (where G. barbata is naturally growing and expanding after the action). Colours indicate % abundance according to
the scale included.
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To investigate patterns of variation in the species composition

among samples and localities, we used a 3D non-metric

multidimensional scaling (nMDS) ordination analysis based on

Bray-Curtis similarities, with species abundance data previously

square-root transformed. To test for differences in Bray-Curtis

distances between our samples we used a permutational analysis

of variance (PERMANOVA), again with locality (five levels: Non-

Restored, Restored, Expansion Area, Reference 1 and Reference 2)

as a fixed factor (Anderson, 2017).
2.3 Functional characterization of
macroalgal species

Functional diversity was assessed using species trait

information. Following the methods described in Teixidó et al.

(2018), we considered the traits strictly related to macroalgae and

adapted their categorization. We focused on the following 14 traits:

morphological form, solitary-colonial life history, maximum

longevity, maximum height, maximum width, epibiosis, major

photosynthetic pigments, age of reproductive maturity, potential

of asexual reproduction, growth rates, physical defences/

calcification, and chemical defences. In addition, we added two

more traits to better capture species ecological functions: algal

biological cycle and type of vegetative (Supplementary Table 1).

Trait category values for each species were obtained from Teixidó

et al. (2018) or were assigned by team member expertise and the

published literature. Hereafter, species sharing the same values in all

trait categories were defined as functional entities (FEs, unique

combinations of traits).
2.4 Functional diversity

For each locality we calculated the number of species, the

number of FE, and the functional richness (Fric). Fric represents
Frontiers in Marine Science 05
the amount of functional space calculated as the volume inside a

convex hull, shaped by the position of FEs (Mouillot et al., 2013).

The convex hull algorithm determines the most external FEs and

joins these points to calculate the volume inside, in a way that the

final multidimensional space is the minimum space that includes all

the present FEs. To determine the position of each FE, we first used

the Gower metric – which allows for mixing different types of

variables – to calculate a pairwise distance matrix (Podani &

Schmera, 2006). Using the distance matrix, a Principal

Coordinate Analysis (PCoA) was computed to build the

multidimensional space. The number of axes was selected using

the mean squared-deviation index (mSD), which was calculated

between FEs initial distances and FEs final distances in the

functional space (Maire et al., 2015). Including five PCoA

dimensions allowed us to retain 64% of the explained variation

and a reasonably low mSD value (0.0082). Last, we obtained the

percentage of functional volume that overlaps between pairs of

localities (that is, the proportional volume of one locality that is

shared with another locality).

All analyses were conducted in R version 4.0.2 (R Development

Core Team, 2018).
3 Results

3.1 Traditional biodiversity indices and
species composition

A total of 60 macroalgal and one seagrass species were found in

the five localities (Supplementary Table 2). Species biomass (B),

species richness (S), and species diversity (measured with Shannon-

Wiener index, H ’) significantly varied among localities

(Supplementary Table 3). Species biomass was 3-fold greater in

“Restored” than in “Non-Restored” (393 ± 75 and 122 ± 87 g m-2,

respectively), while “Expansion Area” showed intermediate values

(254 ± 93 g m-2). The biomass of “Restored”, “Reference 1” and
A B C

FIGURE 3

Variability of biomass (A); mean species richness (B); and Shannon-Weiner diversity (C) between localities. Dissimilar letters above boxes indicate
significant differences (p-values of Tukey test with 95% confidence intervals). Locality codes: “Non-Restored” (Non-Rest), “Restored” (Rest),
“Expansion Area” (Exp), “Reference 1” (Ref 1), “Reference 2” (Ref 2).
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“Reference 2” was similar (407 ± 153 and 357 ± 44 g m-2 in

“Reference 1” and “Reference 2”, respectively) (Figure 3A). In the

same line, mean species richness (S) and species diversity (H’) were

also high in “Restored”, with values reaching those found in the

richest reference locality (“Reference 1”) (Figures 3B, C). In

contrast, “Non-Restored” and “Expansion Area” consistently

showed the lowest values of species richness and diversity

(Figures 3B, C).

Species composition also differed among localit ies

(PERMANOVA: r2 = 0.59, F = 3.61, p-value = 0.001). The

nMDS ordination showed that whereas species composition of

“Restored” and “Expansion Area” was similar, leading to closer

and sometimes overlapping positions in the ordination space,

“Non-Restored” (which was collected only few meters apart)

was distinctly separated from them (Figure 4). Both “Reference 1”

and “Reference 2” also differed from all other localities

(“Restored”, “Expansion Area” and “Non-Restored”), thus

showing variability in species composition among different G.

barbata populations (Figure 4).
3.2 Functional diversity

The total number of identified macroalgal species ranged from

13 in “Expansion Area” to 39 in “Restored” (Figure 5). “Non-

Restored” and “Reference 2” showed similar number of species (17

and 19, respectively), while the value found in “Reference 1” was

greater and closer to “Restored” (34 and 39, respectively). The high

value of species richness in “Restored” is linked to a high number of

functional entities (FEs, unique combination of traits). Accordingly,

we found 36 FEs in “Restored”, while 13 and 16 FEs in “Expansion

Area” and “Non-Restored”, respectively. In addition to the gain of

species and FEs, “Restored” showed a 4-fold increase in functional

richness (Fric see methods section) when compared to “Non-
Frontiers in Marine Science 06
Restored”, from 0.0016 to 0.0069, respectively (Figure 5). The

functional richness in “Expansion Area” did not increase as in

“Restored” and was the one with less functional volume (0.0012).

For both “Reference 1” and “Reference 2”, the number of species,

FEs and functional richness were consistently higher than in “Non-

Restored” and “Expansion Area”, but were always lower than in

“Restored”. Interestingly, while “Non-Restored” and “Reference 2”

presented similar numbers of FEs (16 and 18, respectively), the

functional volume that “Reference 2” occupied doubled that of

“Non-Restored” (0.0033 and 0.0016, respectively), since the FEs

found in “Non-Restored” had similar combination of traits thus

leading to closer positions in the functional space (Figure 6). Indeed,

the visual representation of FEs and their abundance in the

functional space revealed that in “Non-Restored” only two main

and similar FEs accounted for the majority of total abundance,

whereas in “Restored”, “Expansion Area”, and both reference

localities, abundances were distributed among a greater number

of FEs (Figure 6). “Restored” and “Expansion Area” showed a

similar distribution of FEs, especially when considering the most

abundant ones (Figure 6). However, “Restored” supported a high

number of non-abundant FEs that were not present in “Expansion

Area” (Figure 6).
3.3 Functional traits across localities

The FEs in “Restored”, “Expansion Area”, and both reference

localities were characterized by a wide variety of categories within

the traits, whereas in “Non-Restored” were more homogenous

(Figure 7). After 9 years of the restoration of G. barbata,

macroalgal species from “Restored” reached the same varied

combination of morphological forms as “Reference 1”, including

8 different morphologies (Figure 7). The “Expansion Area”,

representing the area with 3 years of presence of the structural

species, also showed 7 different morphologies. The diversity of

categories of all the other traits considered in this study was

consistently higher for “Restored” and “Reference 1”, which

showed categories related to slower life histories, with examples of

FEs measuring up to 50 cm, living up to 10-20 years and reaching

reproductive maturity mostly between 1 and 2 years old (Figure 7).

In contrast, 98% of FEs in “Non-Restored” accounted for only two

morphologies (foliose erect/sheets and branched thallus) derived

from the macroalgae Padina pavonica and Halopteris scoparia. The

predominance of these two species in “Non-Restored” resulted in

only one leading category in 9 out of 14 traits: solitary/colonial,

height, width, major photosynthetic pigments, age at maturity

reproduction, asexual reproduction, growth rates, chemical

defences, and biological cycle. Moreover, FEs in “Non-Restored”

exhibited categories describing more seasonal life histories,

generally with smaller size (5-20 cm), shorter-lived species (1 year

as a maximum) and rapid reproductive maturity ages (3-5 months).

Overall, both reference localities, “Restored” and “Expansion Area”

presented more heterogeneity within traits, with trait categories that

were not present in “Non-Restored”, highlighting the higher

functional diversity of these assemblages (Figure 7).
FIGURE 4

Non-metric multidimensional scaling (nMDS) ordination of species
assemblages, based on square-root transformed abundance data
(dry weight) and Bray-Curtis dissimilarity. Locality codes: “Non-
Restored” (Non-Rest), “Restored” (Rest), “Expansion Area” (Exp),
“Reference 1” (Ref 1), “Reference 2” (Ref 2).
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4 Discussion

In this study, we provide the first example of recovery of

ecosystem functions, under a functional-trait framework, after an

active restoration in a macroalgal forest. The patterns in species and

functional diversity reported here suggest that restoration is an

important strategy in mitigating biodiversity losses and reinstating

part of the lost functionality. Due to the limited restoration

examples, marine restoration success is often based on short-term

periods (1-2 years on average, Bayraktarov et al., 2016; Kollmann

et al., 2016, but see Saunders et al., 2020). In terrestrial projects,

however, the time elapsed since restoration started has been a key

factor to reach similar conditions as those found in reference

systems (Martin et al., 2013; Crouzeilles et al., 2016). Considering

that the recovery of many marine ecosystems can take up to 15-25
Frontiers in Marine Science 07
years (Jones & Schmitz, 2009; Borja et al., 2010), the current time

span used in most marine restoration activities might be insufficient

to reliably evaluate the outputs. To this effect, where short-lived and

high-turnover species are the target biological components of an

ecosystem, full recovery could be achieved within shorter timescales

(see examples in Borja et al., 2010). However, this is not the case of

the structural components of macroalgal forests, where some of the

foundational species are considered mid-/long-lived seaweeds (see

examples in Schiel & Foster, 2006; Smale et al., 2013). Knowledge

regarding the dynamics of the target species (e.g., growth rates,

turnover, and longevity) should guide restoration efforts, pointing

to the importance of long-term monitoring assessments for

assemblages constituted of species with long life spans, such as

some Mediterranean macroalgal forests (e.g., Ballesteros et al., 2002;

Ballesteros et al., 2009; Capdevila et al., 2016).
FIGURE 6

Distribution of FE abundance across the functional space. Each point represents a functional entity and point sizes are proportional to the relative
abundance (measured as dry weight).
FIGURE 5

Upper plots: Number of species (Sp) and number of functional entities (FE) in left axis, and functional diversity (Vol. 5D) in right axis, among the five
studied localities (values are displayed above corresponding bars). Lower plots: Functional diversity is calculated as the space filled by all the FEs
(filled points) present in each locality. The axes (PCoA 1 and PCoA 2) represent the first two dimensions of the 5D space from a Principal Coordinate
Analysis (PCoA = computed on functional-trait values). Total number of species = 61; total number of FE = 54.
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Also derived from the short-term evaluations, especially in

marine ecosystems, restoration success often considers parameters

related to the target species’ survival, with common measures of

growth or density of the individuals (Bayraktarov et al., 2016;

Jacob et al., 2018; Cebrian et al., 2021). In terrestrial ecological

restoration, vegetation structure is also the most common

quantitative indicator (Ruiz-Jaen & Aide, 2005; Gómez-

Aparicio, 2009) together with community measures such as the

species richness, the biodiversity indices and the species

composition (Gatica-Saavedra et al., 2017; Hughes et al., 2017).

In this study, species biomass, mean number of species, and

species diversity (Shannon-Weiner index) of the restored

locality reached the values of one reference locality (“Reference
Frontiers in Marine Science 08
1”). The restored locality even surpassed mean values of the other

reference locality (“Reference 2”), supporting restoration success.

Variations in biodiversity of the two reference localities could be

explained by differences in local factors, since a priori similar

communities might be subjected to different environmental

conditions, resulting in species composition variations

(Bernhardt-Römermann et al., 2015; and see examples in

Matthews et al., 2009; da Costa et al., 2019). Thus, local

environmental factors (e.g., type of substrate or sediment

loading) and biotic factors (e.g., grazing pressure) might

determine species composition and diversity. For this reason,

the inclusion of more than one reference locality in restoration

assessments is highly recommendable to account for the
FIGURE 7

Relative abundances of each trait category in each locality. Trait codes: Morphological form: (A) filaments, (B) stolonial, (C) encrusting, (D) encrusting,
leaf-like, with blades, (E) foliose erect thallus, sheets/blades, (F) coarsely branched, (G) articulated, (H) cup-like, (I) massive encrusting, (J) massive-
hemispheric, (K) massive-erect, (L) tree-like, (M) grass-like; Solitary-colonial: (1) solitary, (2) gregarious, (3) colonial; Maximum longevity: (1) weeks, (2) 3–
11 months, (3) 1 year, (4) 2 years, (5) 5 years, (6) 10–20 years, (7) >20 years; Height: (1) up to 1 mm, (2) 1–10 mm, (3) 10–50 mm, (4) 50–200 mm, (5)
200–500 mm, (6) 500 mm-2000 mm; Width: (1) up to 0.1 mm, (2) 0.1–1 mm, (3) 1–10 mm, (4) 10–50 mm, (5) 50–200 mm, (6) >200 mm; Epibiosis: (1)
obligate, (2) facultative, (3) never; Major photosynthetic pigments: (A) Chl a, Chl b, b-carotene, xanthophyll, (B) Chl a, xanthophyll/fucoxanthin, Chl c1 +
c2, (C) Chl a, phycocyanin, phycoerythrin; Age reproductive maturity: (1) weeks, (2) 3–5 months, (3) 6–11 months, (4) 1 year, (5) 2 years, (6) 2–5 years, (7)
>5 years; Asexual reproduction: (1) no, (2) yes; Growth rates: (1) extreme slow (<1 cm/year), (2) slow (1 cm/year), (3) moderate (>1 cm/year), (4) high (5–
10 cm/year), (5) very high (>10 cm/year); Calcification: (A) without, (B) external carbonate, (C) carbonate with discontinuities, (D) continuous carbonate;
Chemical defenses: (1) no, (2) yes; Biological cycle: (1) monophasic, (2) diphasic isomorph, (3) diphasic heteromorph, (4) triphasic isomorph, (5) triphasic
heteromorph; Vegetative reproduction: (1) without, (2) stolon, (3) fragments, (4) propagules.
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variability of natural communities and to describe different, but

possible, restoration outcomes (Gann et al., 2019; Prach

et al., 2019).

The macroalgal species assemblage of the restored and

expansion localities differed from the non-restored locality, and

were also different when compared with the macroalgal forests of

reference (Figure 8). This trend has also been found in other

restoration projects, where restored systems do not strictly follow

the expected direction toward references (e.g., Sluis, 2002; Matthews

& Spyreas, 2010; Suganuma et al., 2014). Time will determine

whether the restored locality will eventually mirror a reference

macroalgal forests or it will remain structurally and functionally

dissimilar. Recent restoring frameworks and directives suggest that

ecosystem restoration should first aim to recover past ecosystems

where viable, but where not, a shift in objectives targeting novel but

still improved ones should be adopted (Jackson & Hobbs, 2009;

Gann et al., 2019). Restored ecosystems may have new

combinations of species that have not occurred previously, but

that could ensure the maintenance of the structure and functions of

the system (Suding & Gross, 2006; Choi et al., 2008). Even so,

historical knowledge is highly valuable and should always be used as

a guide which accepts multiple trajectories, considers future

environmental changes, and seeks for the recovery of ecosystem

services (Higgs et al., 2014; Martin, 2017; Gann et al., 2019).

We also demonstrated an increase of functional richness (Fric)

with restoration (Figure 8), indicating that the recovery of macroalgal

species filling vacant functional space not occupied prior to

restoration, effectively occurred. Interestingly, we observed that the
Frontiers in Marine Science 09
species composition, the distribution and the abundance of FEs and

the variability within traits in the area where G. barbata is naturally

spreading (“Expansion Area”) is highly similar to those of the restored

locality (Figure 8). These similarities are due to the most dominant

and abundant species in the restored locality being already present in

the area of expansion. Despite this, functional diversity was lower since

a high number of less abundant species are still lacking, showing that

the recovery of some species and part of the biomass does not directly

translate into a full recovery of all other species and their functionality

(Figure 8). These results highlight, again, the need of long periods to

allow the recovery of the whole community after restoration.

In the restored locality, there were more functional entities (FEs)

and they weremore distanced in the functional space, deriving from a

greater range of categories within each trait (that is, more varied

traits). In particular, after restoration, the macroalgal assemblage

shifted from having only two main taxa and a small number of trait

categories (e.g., two morphological forms, only solitary species, and

one category of height and width) to a more heterogeneous

assemblage involving six morphologies, the presence of gregarious

and colonial taxa, and varied sizes with some large species but also

other smaller ones. In addition, the restored assemblage included

species with longer life spans and later reproductive maturity. In the

same way as terrestrial plants, an increase in species architecture and

size suggests a superior ability to compete for light (Reich, 2014) and

it is sometimes associated with higher accumulation of standing

biomass (de Bello et al., 2010). Similarly, recovering long-lived species

along with morphological complexity is likely to increase the creation

of three-dimensional biogenic habitats, increasing, for instance, long-
FIGURE 8

Upper right: Diagram of the functional volume of the studied localities, where circle sizes are proportional to the amount of functional space
occupied by each locality. Percentages indicate the proportion of functional volume contained in one locality that is also contained within another
locality (e.g., 99.5% of “Non-Restored” volume is shared with “Restored” volume, 37.7% of “Restored” volume is shared with “Reference 2” volume).
Upper left: Representation of the variability of trait categories in each locality (three high variable traits were selected as an example and categories
with an abundance greater than 2% are represented). Lower right: The potential ecosystem functions recovered in the restored locality. Lower left:
Summarised representation of the species diversity in each locality. Graphics were obtained from the Integration and Application Network
(ian.umces.edu/media-library).
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term nutrient storage (de Bello et al., 2010; Teixidó et al., 2011)

(Figure 8). Adding stable structure and complexity also offers shelter

for other organisms and reinstates the nursery capacity of these

communities (Ørberg et al., 2018; Fulton et al., 2019). Hence,

restoration not only benefited the macroalgal species but also

probably lead to further consequences for other groups (i.e.,

invertebrates and fishes) (Figure 8). Nonetheless, it is important to

consider that one process or function is not controlled by a single trait

belonging to a specific trophic level (e.g., primary producers,

herbivores or carnivores) but by some key traits related to various

trophic levels, which are simultaneously involved in the control of

multiple functions (de Bello et al., 2010; Pistón et al., 2019). Like the

restored locality, both reference macroalgal forests were also

characterised by a high variability in the different functional trait

categories. A greater range of trait categories in these reference forests

could increase the likelihood of some species responding differently to

variable conditions and perturbations (e.g., extreme climatic events),

which also contributes to assemblage stability and resilience and to

the maintenance of long-term ecosystem functioning (Dıáz &

Cabido, 2001; Cadotte et al., 2011). Last, and of interest, is that the

non-restored locality and one reference macroalgal locality

(Reference 2) showed similar low diversity values through the

application of taxonomical information, the reference macroalgal

locality doubled the diversity results when using functional

information, underlining the utility and complementarity of

these metrics.

Predictable outcomes are a major goal of restoration ecology

(Choi, 2007; Rey Benayas et al., 2009; Matthews & Spyreas, 2010),

thus studies assessing ecosystem functioning through the lens of trait-

based approaches can help to promote more generalizable outcomes

(Suding et al., 2008). Even so, few studies have tested these ideas and,

to our knowledge, they have never been applied in marine benthic

ecosystems. We have demonstrated that if we are dealing with the

structural species of an assemblage, a single restoring action can lead

to the recovery of the associated biodiversity and, in turn, to the

recovery of its functioning. Our study showed that the application of

functional metrics together with traditional taxonomical indices

provide valuable information for the understanding of macroalgal

ecosystem functioning, and this approach has the potential to be

extended and replicated in other restoration evaluations.
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Borja, Á., Dauer, D. M., Elliott, M., and Simenstad, C. A. (2010). Medium- and long-
term recovery of estuarine and coastal ecosystems: patterns, rates and restoration
effectiveness. Estuaries Coasts 33 (6), 1249–1260. doi: 10.1007/s12237-010-9347-5

Boudouresque, C. F., and Belsher, T. (1979). Le peuplement algal du port de port-
vendres: recherches sur l’aire minimale qualitative. Cahiers Biologie Mar. 20, 259–269.

Brudvig, L. A. (2011). The restoration of biodiversity: where has research been and
where does it need to go? Am. J. Bot. 98 (3), 549–558. doi: 10.3732/ajb.1000285

Butchart, S. H. M., Walpole, M., Collen, B., van Strien, A., Scharlemann, J. P. W.,
Almond, R. E. A., et al. (2010). Global biodiversity: indicators of recent declines. Science
328 (5982), 1164–1168. doi: 10.1126/science.1187512

Cadotte, M. W., Carscadden, K., and Mirotchnick, N. (2011). Beyond species:
functional diversity and the maintenance of ecological processes and services. J.
Appl. Ecol. 48 (5), 1079–1087. doi: 10.1111/j.1365-2664.2011.02048.x

Capdevila, P., Hereu, B., Riera, J. L., and Linares, C. (2016). Unravelling the natural
dynamics and resilience patterns of underwater Mediterranean forests: insights from
the demography of the brown alga Cystoseira zosteroides. J. Ecol. 104 (6), 1799–1808.
doi: 10.1111/1365-2745.12625

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, P.,
et al. (2012). Biodiversity loss and its impact on humanity. Nature 486 (7401), 59–67.
doi: 10.1038/nature11148

Carlucci, M. B., Brancalion, P. H. S., Rodrigues, R. R., Loyola, R., and Cianciaruso, M.
V. (2020). Functional traits and ecosystem services in ecological restoration. Restor.
Ecol. 28 (6), 1372–1383. doi: 10.1111/rec.13279

Ceballos, G., Ehrlich, P. R., Barnosky, A. D., Garcıá, A., Pringle, R. M., and Palmer, T.
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