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Abstract

1. Many coastal ecosystems are impacted by human pressures. Rocky reefs are

structurally complex habitats that often support elevated fish abundance and

marine biodiversity. In the Baltic Sea, rocky reefs have suffered from extraction

for decades, leading to a decrease in hard substrata and complex habitat

availability.

2. This study is the first to restore cobble reefs and examine the biological effects.

3. Baited and unbaited underwater video systems (BRUVS and UBRUVS,

respectively) were employed across five years to monitor fish communities before

reef deployment in 2017 and after reef deployment in 2018 and 2021.

4. Using a before–after control-impact (BACI) study design with replicates, relative

abundances of Atlantic cod (Gadus morhua), herring (Clupeidae sp.), goldsinny

wrasse (Ctenolabrus rupestris), two-spotted goby (Pomatoschistus flavescens), shore

crab (Carcinus maenas), and flatfish (Pleuronectiformes spp.) were compared across

time and test sites. Comparisons were conducted across 1) restored cobble reefs,

2) natural cobble reefs, and 3) sand-bottom test sites.

5. This study found positive reef restoration effects revealed consistently by BRUVS

and UBRUVS in three species: Atlantic cod, goldsinny wrasse and two-spotted

goby. These findings indicate that A) it is possible to restore cobble reefs and the

associated mobile fauna, but also that B) continued marine extraction of cobble

degrades complex habitats to the detriment of various marine species.

6. To preserve Atlantic cod, and other sensitive species, we emphasize ecosystem

restoration and warn against marine cobble reef extraction in vulnerable areas.

Restoration of marine habitats may contribute to achieving the UN sustainable

development goal covering life below water.
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1 | INTRODUCTION

Habitat loss is one of the main human impacts on coastal

ecosystems (Lotze et al., 2006; Bulleri & Chapman, 2010) and fish

populations (Arthington et al., 2016; Yan et al., 2021). Over half of

the vulnerable marine habitats are already lost (Duarte et al., 2020),

including rocky reefs and seagrass areas (Dafforn et al., 2015; Elliott

et al., 2016; Folpp et al., 2020; Hastings et al., 2020). Structurally

complex habitats are decreasing across temperate marine

environments (Airoldi et al., 2008), causing degradation of nearshore

marine systems and the associated biodiversity (Lotze et al., 2006;

Singh et al., 2021).

Rocky reefs are one of the marine ecosystems subjected to one

of the fastest rates of human cumulative impact, exceeded only by

coral reefs, seagrass meadows, and mangroves (Halpern et al., 2019).

This habitat degradation is especially significant in coastal areas

(Schwartzbach et al., 2020). In the Baltic Sea, one of the most human

impacted regions in the world (Halpern et al., 2008), extraction of

non-living resources (e.g., cobble) remains a significant anthropogenic

stressor to coastal habitats (Dailianis et al., 2018). In Denmark alone,

extraction of rocky material eliminated at least 55 km2 of exposed

rocky reef surface across the period 1900–2000 (Helmig et al., 2020;

Kristensen et al., 2017; Støttrup et al., 2014). Significant extraction of

rocky material also happened before 1900, but the documentation is

limited. As a result, vast marine areas have undergone a depletion in

hard substrata and structurally complex habitat availability, turning

the seafloor into bare sandy bottom (Airoldi et al., 2008; Støttrup

et al., 2014). This habitat loss may result in declining species diversity

and overall biomass (Flávio et al., 2023; Parsons et al., 2016; Støttrup

et al., 2019; Wilms et al., 2021).

Rocky reefs are structurally complex habitats that provide shelter

from predators, spawning and nursery areas, a feeding source for

many species and hard substrata for algae to grow (Schwartzbach

et al., 2020; Støttrup et al., 2014). By supporting fish foraging,

breeding, and growth to maturity (Schwartzbach et al., 2020; Støttrup

et al., 2019), rocky reefs are considered vital to support local fish

stocks (Flávio et al., 2023; Katara et al., 2021). Rocky reefs in

temperate waters may support high biomass and biodiversity

(Støttrup et al., 2017). In temperate reefs, macroalgae are the main

foundation species, enhancing habitat complexity (Trebilco

et al., 2015). Macroalgae host significant numbers of invertebrates

constituting food resources for fish species (Christie et al., 2009).

Importantly, rocky reefs are currently under protection by the

Natura 2000 network, which is a network of natural protected

areas in the European Union and constitutes one of the largest

protected areas in the world (European Commission, 2013;

Kristensen et al., 2017).

Because of the significant declines in marine abundance and

biodiversity, as well as the U.N. Sustainable Development Goal

14, calling for a conservation of our oceans, different restoration

initiatives have emerged (Duarte et al., 2020; Lotze et al., 2006;

Støttrup et al., 2017; Wilms et al., 2021). Ecological restoration is the

process of intervening in the recovery of an ecosystem that has been

previously degraded, damaged, or destroyed by human activities

resulting in improved ecosystem services and biodiversity (Elliott

et al., 2016; Seaman, 2007; Silliman et al., 2024). Restoring reefs

could increase the availability of structurally complex habitats in

areas where complex habitat is limited, potentially increasing the

carrying capacity of the ecosystem (Bohnsack, 1989; Folpp

et al., 2020). Restored reefs may increase fish production

(Schwartzbach et al., 2020; Wilhelmsson et al., 1998), resulting in

higher fish density and biomass (Cresson et al., 2019; Folpp

et al., 2020; Hunter & Sayer, 2009; Wilms et al., 2021), as well as

increased ecosystem productivity (Rouse et al., 2020; Schwartzbach

et al., 2020).

Despite rocky reef protection under Natura 2000, reef

restoration effects remain relatively unknown in comparison with

other artificial marine infrastructures (Perkol-Finkel et al., 2012),

especially in terms of higher trophic levels (Bulleri &

Chapman, 2010; Bergström et al., 2013; Holloway & Field, 2020).

To date, the consensus is that an increase in fish abundance and

fish diversity may be expected after reef deployment (Folpp

et al., 2011; Folpp et al., 2020). Conservation evidence of rocky reef

restoration is not yet summarized as a practical management

intervention, and previous studies differ in terms of their sampling

methods (invasive vs passive; Hunter & Sayer, 2009; Kristensen

et al., 2017; Cresson et al., 2019, Rhodes et al., 2020), target

species (Folpp et al., 2020), duration of sampling events (Folpp

et al., 2020; Lowry et al., 2014), use of pre-deployment assessments

(Lowry et al., 2014), and statistical method (Holloway & Field, 2020).

Therefore, questions remain concerning the impact of reef

restoration on fish abundances over time, especially in temperate

latitudes. Scientific monitoring using before–after control-impact

(BACI) study designs is key to accurately assess the restoration

success, by investigating both reef deployment sites and suitable

control sites (Wilms et al., 2021).

To the best of our knowledge, the present study is the first to

explore biological effects of cobble reef restoration in the Baltic Sea.

This study investigated cobble reef restoration effects on the

abundance of mobile fauna, using underwater cameras deployed on

the seabed. The approach included both baited and unbaited

cameras, similar to previous studies (Rhodes et al., 2020). Focal

species included: Atlantic cod (Gadus morhua), herring (Clupeidae sp.),

goldsinny wrasse (Ctenolabrus rupestris), two-spotted goby

(Pomatoschistus flavescens), and shore crab (Carcinus maenas) as reef

associated species, and flatfish (Pleuronectiformes spp.) as sand

bottom-associated species. Increasing the availability of rocky reef

habitat in our study area provided hard substrata for the attachment

of macroalgae and other organisms. It was hypothesized that Atlantic

cod, goldsinny wrasse and two-spotted goby would respond

positively to the reef restoration. Specifically for herring, it was

hypothesized that the restored reefs would be used for spawning

and therefore increase herring abundance during the spawning

season (spring). It was further hypothesized that the abundance of

sand-bottom associated species may decrease locally after reef

restoration.
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2 | MATERIALS AND METHODS

2.1 | Study site

The study area is located in Sønderborg Bay in Flensborg Fjord

(Figure 1), a Natura 2000 protected area located in the Western Baltic

Sea. Flensborg Fjord forms part of the border between Germany and

Denmark. Extraction of rocky material is well documented across the

Sønderborg Bay (Stenberg & Kristensen, 2015), reducing the rocky

reef covered seabed areas.

This study restored cobble reefs experimentally in January

2018 and examined the effects in terms of the abundance and

diversity of marine organisms. To this end, six study sites were

identified (Figure 1): two control sites with a seabed consisting

mainly of sand (Viemose and Kegnæs Ende); two sites with a

seabed covered by natural cobble reefs (Spar Es and Vesterhage),

and two sites with a seabed consisting mainly of sand before reef

deployment and covered by cobble after reef deployment (Hvide

Mur and Stenholt). All the sites were at water depths between

6 to 7 m.

The cobble reefs were built using small rocks with a diameter

ranging between approximately 6 and 30 cm. The applied range

deviates slightly from the traditional cobble definition

(Udden-Wentworth scale; 6.4–25.6 cm). Cobbles were obtained

from a quarry in Lyngdal, Norway. In January 2018, cobble reefs

were deployed at two dedicated sites (Hvide Mur and Stenholt). At

each site, reef outlines consisted of two rows of 11 individual

mounds. Each mound is a flat-topped pyramid with an overall

bottom area of 11x11 m and a top area of 5.5x5.5 m. In every

row, the height of the mounds alternated between 1.3 m and

0.6 m using 87 and 40 m3 of cobble, respectively, per mound

(Annex 1).

2.2 | Study species

Fish are often considered reef restoration success indicators at higher

trophic levels (Kristensen et al., 2017; Lewis et al., 2021). Several focal

species of this study rely on rocky reefs at different stages of their

ontogeny. The use of reefs for shelter from predators that enhances

juvenile survival and growth to maturity has been reported in 1)

juvenile cod (Gotceitas et al., 1995; Schwartzbach et al., 2020;

Støttrup et al., 2017; Støttrup et al., 2019), 2) goldsinny wrasse

(Støttrup et al., 2014), 3) two spotted goby that use rock crevices to

nest (Utne-Palm et al., 2015), and 4) shore crab (Moksnes, 2002).

Reefs can also be used as a spawning and nursery area by Atlantic

herring. Despite being a pelagic species, herring is the only cluepoid to

lay demersal eggs (Maravelias et al., 2000). Spring spawning occurs

inshore (Frost & Diele, 2022), and eggs are usually attached to benthic

substrates including gravel, rocky areas or macroalgae e.g., Fucus

vesiculosus (De Groot, 1980; Von Nordheim et al., 2018; Flávio

et al., 2023). The present study deployed cobble reefs in areas with

known historical records of herring spawning and sampled the area

during the herring spawning season (spring). We expected herring to

utilize the cobble reefs and the associated vegetation for spawning

and subsequently as a nursery area (Flávio et al., 2023; ICES, 2023b).

2.3 | Data collection and experimental design

2.3.1 | Sampling campaign

Sampling was carried out daily from April to May in 2017, 2018, and

2021. Any seasonality-related variability in species abundance

and diversity was minimized by sampling during the same season

(spring) each year (Folpp et al., 2020; Wilms et al., 2021). Our

F IGURE 1 Study area with sites of
different seabed-treatments: Sand-
bottom (red circles), natural cobble reef
(light blue triangles), and restored cobble
reef (dark blue squares). Each seabed-
treatment included two different sites.

CASABONA ET AL. 3 of 13
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sampling in 2018 and 2021 was used as after reef restoration

sampling in our BACI study design and was included to detect early

colonization (Wilms et al., 2021) and further developments across

later years, following previous studies (Folpp et al., 2020). All sampling

was conducted during the spring to match the herring spawning

season.

2.3.2 | Camera setups

Recordings were obtained using Baited Underwater Video Systems

(BRUVSs) and Unbaited Underwater Video Systems (UBRUVSs).

Go Pro cameras (HERO 3, 3+, 4, and, 7) at 720p resolution and

30 frames per second were used. Remote Underwater Video System

(RUVS) setup consisted of a concrete base (45�45�5 cm;

length � width � height) and a metal pole (3 cm diameter; 100 cm

high). Cameras and underwater cases were attached to the vertical

pole 25 cm from the seabed and filmed horizontally. BRUVS included

a bait, which consisted of 500 g chopped herring (Clupea harengus),

and was attached to a horizontal bait arm, 80 cm from the camera.

The bait arm in BRUVS had markings every 10 cm for visibility

estimates. UBRUVS setup was similar to BRUVS, but instead of a bait

arm, a rope was attached to the concrete base and laid flat on the

seabed in front of the camera's Field of View (FOV). The rope had

meter markers for visibility estimates and was secured with an anchor

at the end. Both BRUVS and UBRUVS included a rope connecting the

anchor to a floating buoy with a flag for identification.

2.3.3 | Deployment and recording characteristics

This study used a side scanner (Lowrance Elite-7 Ti; Lowrance

Electronics; https://www.lowrance.com/) to scan the seabed for the

desired substrate (e.g., cobble reef or sand) and subsequently deploy

the cameras. Deployment procedure and camera placement was

similar to previous studies (Langlois et al., 2018; Rhodes et al., 2020).

BRUVS recordings started immediately after deployment and ran for

60–120 minutes, subjected to later video analysis. Deployment of

BRUVS was undertaken between 10:00 and 18:00. UBRUVS were

equipped with an intervalometer (BlinkX or Time Lapse

Intervalometer https://cam-do.com/). Intervalometers were

programmed to turn on the UBRUVS every hour and record for 2 min

and turn off. Each 2 min recording provided a video sequence,

subjected to later video analysis. This setting ran through the entire

diel cycle, recording for >24 h, however, only daytime footage was

included in the analysis. At each deployment, temperature

measurements were conducted.

2.4 | Video analysis

This study analysed the recordings using the VLC Media Player®

software. For each camera deployment (BRUVS) and 2 min sequence

(UBRUVS), data on species present, macroalgae coverage, functional

visibility and Field of View (FOV) were estimated. Macroalgae

coverage (% seabed) was visually quantified directly from the footage

(Rhodes et al., 2020). Macroalgae species identification or community

analysis was not within the scope of this study. Functional visibility

(m) was defined as the greatest distance at which fish were

identifiable. Functional visibility was estimated with the bait arm

(BRUVS) or rope markers (UBRUVS). FOV was expressed as a

percentage of the total available view, and was calculated by

subtracting the percentage of visually estimated seabed structures

that obstructed the view from 100%. Lastly, recording duration or

soaktime was annotated in each BRUVS recording.

Fish species abundances were assessed using the MaxN metric,

which is the greatest number of certain fish species (or group of

species) in a single frame (Cappo et al., 2004; Smith et al., 2012;

Wilms et al., 2021). Flatfish (Pleuronectiformes spp.) were treated as a

functional group at the order level, containing MaxN from right and

left-eyed species including the following species: Pleuronectiformes

sp., Platichthys flesus, Pleuronectes platessa, Pleuronectidae sp., Limanda

limanda, Scophthalmidae sp., Scophthalmus maximus, Scophthalmus

rhombus. Herring included counts (MaxN) of individuals labelled as

Clupeidae sp. covering C. harengus and Sprattus sprattus because, it

was difficult to differentiate the two species morphologically using

the underwater footage.

2.5 | Data analysis

Generalized linear mixed models (GLMMs) were used to analyse the

abundance (MaxN) of our six focal species groups (i.e., Atlantic cod,

herring, two-spotted goby, shore crab, goldsinny wrasse, and flatfish).

Model explanatory variables included the factors “Year” (three

levels: 2017 (before), 2018 (four months after) and 2021 (three years

after)), “Treatment” (three levels: Sand, Natural reef and Restored

reef) and their interaction. This study included the additional

covariates “Temperature”, “Macroalgae coverage”, “Visibility”,
“(FOV)” for all models to account for variation. BRUVS data models

included “Soaktime” as fixed effects to account for the duration of

the recording. BRUVS, and UBRUVS models were analysed separately

and included “Site” (e.g. “Hvide Mur”) as random effects

(Smith, 2002). To allow the models to account for potential

correlations between sampling units (2-minute sequences) from the

same deployment or site, UBRUVS models incorporated random

effects for “Deployment number” nested within “Site” (Wilms

et al., 2021). Continuous recording-related variables such as:

“Visibility”, “FOV”, “Soaktime” (latter only in BRUVS) were

standardized by adding the natural logarithm to account for

differences in exposure (Zuur & Ieno, 2016).

We parameterized GLMMs for 2017, 2018, and 2021 that had

uneven sample sizes across the period (Annex 2). To avoid excluding

and/or removing data unnecessarily, we retained all data in the

models, with the assumption that the smaller sample sizes had data

Missing at Random (Kain et al., 2015). The incorporation of random

4 of 13 CASABONA ET AL.
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effects in our GLMM models was considered a reliable approach to

accommodate variation between groups caused by the unbalanced

sample sizes (Kain et al., 2015; Magnusson et al., 2017).

Our response data exhibited various distributions. For BRUVS

models, we fitted a negative binomial distribution for Atlantic cod,

goldsinny wrasse, and two-spotted goby and a quasi-Poisson

distribution for herring, shore crab, and flatfish. For UBRUVS models,

we fitted a negative binomial distribution for Atlantic cod, herring, and

two-spotted goby, and a Poisson distribution for goldsinny wrasse,

shore crab, and flatfish. The goldsinny wrasse BRUVS model had a

higher outlier frequency than expected (p < 0.0001), which was

thought to be due to the large volume of data, potentially inducing

minimal deviation to become significant. Residuals were plotted

against predictors, and no pattern was observed (results shown in

Annex 3), and the model was therefore accepted following previous

studies (Hartig, 2022).

Data analysis and modelling were carried out with R version 4.2.2

through RStudio. Model selection and backward elimination of the

covariates was undertaken based on the Akaike Information Criterion

(AIC) values (Burnham & Anderson, 2002). We opted for backward

elimination against other methods to avoid the removal of structural

variables inherent to our study design such as “Year” or “Treatment”
and to consider variations caused by exposure terms such as

“Soaktime” at all times. We only included one interaction (Year x

Treatment) because it forms the basis of the BACI comparison and to

ensure we did not include interactions that may not be ecologically

valid, spurious and nonlinear (Duncan & Kefford, 2021). Models were

fitted through a log-link function with the “glmmTMB” (Magnusson

et al., 2017). Model validation was carried out with 10,000

simulations using the function “simulateResiduals” from the DHARMa

package. Residual assumptions were tested with the “DHARMa”
package (Hartig, 2022). Interaction analysis of the models' outputs

was conducted with two post-hoc methods: pairwise comparisons

(estimated marginal means comparisons) and interaction contrasts

(slope comparison) of the previous ones, both using the two controls

(natural reef and sand bottom sites). Both were carried out with the

“emmeans” package (Lenth, 2023). Figures were produced using the

“ggplot2” package (Wickham, 2016).

Results were interpreted using the Before After Control Impact

(BACI) Framework (Figure 2). Four different scenarios can account for

a positive effect of restoration (or another impact). The different

scenarios include A) an increase of the response variable in restored

(impact) sites (Figure 2A), B) a decrease in the response variable at the

control site but remaining constant at a restored (impact) site

(Figure 2B), C) an overall increase in the response variable with a

steeper trend in restored (impact) sites (Figure 2C), or D) a general

decrease in the response variable with less sharp slopes in restored

(impact) sites (Figure 2D).

3 | RESULTS

3.1 | Model outputs

“Temperature” as an environmental explanatory variable exhibited

different significant correlations across the species groups (Figure 3).

BRUVS and UBRUVS models coincided in reporting significant

correlations of temperature on all focal species except cod. Goldsinny

wrasse, two-spotted goby, shore crab and flatfish abundances

correlated positively with temperature while there was a negative,

significant correlation in herring. Thus, wrasse, two-spotted goby,

shore crab, and flatfish were more abundant in warmer water,

whereas herring were more abundant in colder water. Cod abundance

was the only species where the correlations with temperature

reported by BRUVS and UBRUVS significantly differed, with

significant negative and positive correlations reported, respectively

(Figure 3).

The effect of “Macroalgae” was also consistent between

BRUVS and UBRUVS, showing a significant positive correlation in

two-spotted goby and a significant negative correlation in shore

F IGURE 2 Diagram showing the four
different before-after control-impact
(BACI) scenarios where positive effects
would be detected. In our case, the impact
is cobble reef restoration.

CASABONA ET AL. 5 of 13
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crab and flatfish. Thus, two-spotted goby abundance increased with

more macroalgae, whereas shore crab and flatfish decreased with

more macroalgae. In several UBRUVS models, “Macroalgae“ was

removed during the model selection process. In UBRUVS models,

macroalgae had significant positive effects in two-spotted goby

(Figure 3). Models revealed strong statistical evidence of the

positive relationship between macroalgae and the abundances of

cod, goldsinny wrasse, and two-spotted goby. This is in agreement

with macroalgae being a key contributor to habitat structural

complexity and abundances of reef associated species as well as

biodiversity indicators.

To interpret the potential correlations of reef restoration and

focal species abundance, the interactions between “Restored reef”
and the years posterior to the restoration event, that is 2018 (four

months after) and 2021 (three years after) were inspected.

In both BRUVS and UBRUVS models, abundances of Atlantic cod

and goldsinny wrasse were positively correlated with the two

restoration interactions (2018 and 2021) (Figure 3) (Annexes 4 and 5).

The effect of the described interactions in the remaining species

models was not as consistent across methods. In herring models there

was only one significant negative correlation in the UBRUVS model

with the interaction of restored reefs and 2021 (Figure 3). The two-

spotted goby models only revealed positive correlation with

restoration interactions both four months and three years post

restoration in UBRUVS (Figure 3). Only BRUVS shore crab models

showed statistically significant positive correlations with the

interaction of restored sites in 2018 and 2021. Flatfish models

showed by both BRUVS and UBRUVS a significant negative

correlation with restored reefs four months after restoration. After

three years, only BRUVS reported negative correlation with the

restoration interaction.

3.2 | Focal species abundance response

Significant absolute positive abundance changes in restored sites from

2017 to 2021 were only evident in goldsinny wrasse, according to

both BRUVS and UBRUVS (Figures 4C and 5C). The goldsinny wrasse

increase in restored sites highlights a correlation between goldsinny

wrasse abundance and topographically complex habitats such as

cobble reefs. In two-spotted goby, absolute significant positive

changes from 2017 to 2018 were reported by both RUVS (Figures 4D

and 5D). The rest of the species abundances in restored reef sites

either underwent significant negative changes (Figures 4A, 4F and 5B)

or they did not undergo any significant changes (Figures 4B, 4E and

5E). Cod abundance underwent a severe depletion at all sites

(Figures 4A and 5A). These findings suggest an overall decrease in

Atlantic cod abundance, caused by larger scale factors affecting the

whole marine area rather than the reef deployment itself. Cobble reef

restoration might have countered some of this detrimental

development. Restored sites abundance comparisons in 2021 across

sand and natural sites, revealed no significant differences with natural

reef sites in all species (and sampling methods) (Figures 4 and 5)

except in the UBRUVS cod model (Figure 5A). All coefficient tables

are included in the supplementary material: Annexes 8 and 9.

3.3 | Restoration effects from interaction contrasts

The BACI framework (Figure 2) contains several scenarios that can be

considered as positive restoration effects. Interaction contrasts (slope

comparisons) were conducted using both control types, A) natural

cobble reef sites (positive control) and restored sites, and B) sand

(negative control) and restored sites in 2017 and 2021. Results of

F IGURE 3 Explanatory variables significance in the GLMMs. *Colour ramp uses green or red colours depending on the value of the estimate.
If estimate>0, the colour ramp is green, showing a positive correlation with the response variable. If estimate<0, the colour ramp is red,
representing negative correlation with the response variable. For example, in the intersection between goldsinny wrasse and temperature, dark
green colour represents a significant positive correlation between the response variable (wrasse abundance) and the explanatory variable
temperature. Blank squares represent covariates eliminated throughout the backwards elimination model selection process.
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both BRUVS and UBRUVS slope comparisons showed significant

positive effects of reef restoration in three out of the six focal

species, when compared with natural reef sites, the species being: cod

(BRUVS: p < 0.001, UBRUVS: p < 0.001), goldsinny wrasse (p < 0.001,

p < 0.001), and two spotted goby (p = 0.0011, p = 0.0035) (Figure 6A

and B). Positive restoration effects were also reported in the same

species across BRUVS and UBRUVS models when compared with

sand bottom sites: cod (p = 0.0016, p < 0.001), goldsinny wrasse

(p = 0.0014, p < 0.001). Lastly, in two spotted goby, UBRUVS

reported significant positive restoration effects (p = 0.0019)

(Figure 6D), while BRUVS showed positive non-significant restoration

effects (p = 0.3394) (Figure 6C).

Shore crab abundances revealed changes in abundance in

response to restoration compared with natural reef sites (Figure 6A

and B), although these results were not statistically significant

(Annexes 10 and 11). When compared with sand bottom sites, only

BRUVS data revealed significant positive restoration effects for shore

crab (p < 0.001) (Figure 6C).

Results revealed negative restoration effects for two out of the

six focal species in only one of each sampling method (i.e. BRUVS and

UBRUVS). The response of flatfish to the restoration was inconsistent

across sampling methods. BRUVS reported significant negative

restoration effects both compared with natural reef sites (p < 0.001)

and sand sites (p < 0.001) (Figure 6A and C). UBRUVS reported

effects that were not statistically significant compared with natural

reef sites (p = 0.6158) and sand sites (p = 0.2857) (Figure 6B and D).

Herring responses to the restoration were also inconsistent among

sampling methods. BRUVS did not report any significant response

(p = 0.4094, p = 0.8469) (Figure 6A and C) while UBRUVS revealed a

significant negative restoration response (Figure 6B and D).

These findings suggest that when examining the results through

the BACI lens, statistical evidence of positive restoration effects was

shown by both sampling methods in three out of the six focal species.

Results showed two negative restoration effects in herring and

flatfish. However, these effects were not consistent across sampling

methods.

4 | DISCUSSION

To the best of our knowledge, this is the first study examining

biological effects of cobble reef restoration. Across five years, this

F IGURE 4 Estimated marginal means of the BRUVS species groups abundances (MaxN) with a confidence interval level of 0.95. Lines with
circles (red) represent sand bottom sites (control), triangles (light blue) represent natural reef sites, and squares (dark blue) restored reef sites.
Note that the Y-axis range was adjusted to the data for each panel. Estimated marginal means and confidence intervals are available in Annex 6.
Dashed lines indicate the cobble reef restoration event
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study found that three out of six focal species were positively

affected by the reef restoration. No species revealed negative

restoration effects consistent across BRUVS and UBRUVS sampling

methods. Our study shows that cobble reef restoration is feasible, and

that mobile fauna is responding quickly to such restoration. Cobble

reef restoration is therefore a viable tool for coastal restoration of

complex habitats and the associated mobile species. This is useful

information for ongoing and future nature protection and restoration

programs such as the Natura 2000 program within the European

Union and the sustainable development goals of the UN. Importantly,

our study indicates that cobble extraction likely eliminates complex

benthic habitats, with negative consequences for threatened species

like the Atlantic cod.

Goldsinny wrasse and two-spotted goby showed the most

evident positive effects of our cobble reef restoration. Goldsinny

wrasse is often associated with rocky reefs (Almada et al., 1999;

Støttrup et al., 2014) and shows high site fidelity (Cresci et al., 2022;

Sayer et al., 1993) Thus, with increased cobble reef availability, our

study showed clear positive abundance responses. Two-spotted goby,

one of the most abundant demersal species of the Northeast Atlantic

Ocean (Utne-Palm et al., 2015) relies on structurally complex habitats

(Wilhelmsson et al., 2006) and also responded positively to the

restoration.

According to trend comparison within the BACI framework

(Figure 2D), Atlantic cod was also positively affected by the cobble

reef restoration. The use of rocky reef by juvenile cod (Støttrup

et al., 2017; Støttrup et al., 2019) as shelter and nursery grounds

(Beisiegel et al., 2019) and an increased cod abundance after rocky

reef deployment have previously been reported (Kristensen

et al., 2017; Støttrup et al., 2014). In our study, cod abundance

decreased from 2018 to 2021, across all treatments, showing that the

decrease was unrelated to the restoration. Atlantic cod stocks are

severely depleted (ICES, 2023a) partly due to eutrophication caused

by nutrients from land (especially from the farming industry) leading

to large demersal areas depleted of oxygen in the Western Baltic Sea

(ICES, 2023b; Nikulina & Dullo, 2009; Svendsen et al., 2022). Other

factors include past overfishing, unsustainable management of

fisheries, and bottom trawling (Receveur et al., 2022) causing physical

damage to the seabed. These factors have played important roles for

the collapsing fisheries for Atlantic cod in the western Baltic Sea.

F IGURE 5 Estimated marginal means of the UBRUVS species groups abundances (MaxN) with a confidence interval level of 0.95. Lines with
circles (red) represent sand bottom sites (control), triangles (light blue) represent natural reef sites and squares (dark blue) restored reef sites. Note
that the Y-axis range was adjusted to the data for each panel. Estimated marginal means and confidence intervals are available in Annex 7.
Dashed lines indicate the cobble reef restoration event
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Based on our quantitative data covering several years, our analyses

suggest that the deployed cobble reefs are supporting local Atlantic

cod abundances through the provision of habitat. Specifically, our

BACI analyses revealed that Atlantic cod responded positively to the

reef restoration, which partly countered the negative stock

developments across the years. Therefore, cobble reefs represent a

vital habitat for Atlantic cod. Importantly, cobble is still extracted in

many marine areas together with other sediment types. Our research

shows that ongoing cobble reef extractions could exacerbate Atlantic

cod declines in the local areas.

We expected herring to use the restored cobble reefs for

spawning, and therefore, we hypothesized an increased herring

abundance in the restored cobble reefs sites. Sampling was

consequently conducted during the spring (April–May) across the

years. Contrary to our hypothesis, herring abundance was not

positively affected by reef restoration, and neither herring spawning

activity nor eggs were identified in the recordings. BRUVS reported

no significant restoration effects while UBRUVS reported significant

negative restoration effects. The factors causing this apparent

discrepancy between sampling methods might be related to either

potential bait effect or the increased exposure (soaktime) in BRUVS

recordings.

Several factors may explain the absent effect of reef restoration

for herring spawning including 1) depleted herring abundance in the

area (ICES, 2023b), 2) herring preference for specific vegetation

(e.g., macroalgae species) for spawning and egg deposition, 3) herring

preference for suitable spawning substrate at a water depth different

from 6–7 m where the cobble reefs were deployed, 4) strong site

fidelity of herring spawning across generations, and 5) nocturnal

spawning activities undetected by our diurnal underwater footage.

The vegetation growing on the cobble reefs was not identified,

making it impossible to scrutinize what vegetation herring possibly

prefer or avoid. Further studies are needed to reveal how herring

spawning habitats are restored.

Shore crab response to reef restoration compared with sand sites

was positive, according only to BRUVS. However, trend comparison

with natural reef sites as a control site showed unclear effects. These

findings might indicate a potential BRUV attraction effect or suggest

that shore crab might be an early colonizer of restored reefs that

later undergo density-driven intraspecific spatial competition

(Moksnes, 2004).

Flatfish response to our cobble reef restoration, compared with

both sand and natural reef sites, was negative according to the

BRUVS data (Figure 6A and C). Flatfish more often associate with

sand and gravel bottom substrates over rocky substrates (Florin

et al., 2009). Cobble reef restoration caused a decline in soft bottom

availability, negatively affecting flatfish (Wilms et al., 2021) although

this was only indicated by our BRUVS data. Interestingly, UBRUVS

data showed no negative restoration effects (Figure 6B and D).

Locally, flatfish may partially benefit from reef restoration because of

reef spillover effect along reef edges, providing additional foraging

resources (Posey & Ambrose, 1994; Wilms et al., 2021). Further

studies are needed to better understand reef spillover effects for

various species.

F IGURE 6 Interaction contrast ratios of natural reef sites and restored cobble reef sites in the years 2017 and 2021 of focal species group
abundances from BRUVS (A) and UBRUVS (B). Interaction contrasts ratios of sand sites and restored cobble reef sites in the years 2017 and 2021
of focal species abundances from BRUVS (C) and UBRUVS (D). *Colour ramp being green or red depends on the ratio value. If ratio>1 colour
ramp is green showing positive restoration effects, if ratio<1 colour ramp is red representing negative restoration effects. The higher the
significance of the p-values the darker the colour in the scale. p-Values can be found in Annexes 10 and 11.
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In temperate reefs, macroalgae are often the main habitat

engineer species, increasing habitat complexity and ecosystem

functioning (Geist & Hawkins, 2016). Reef fish species often

depend on the structural complexity provided by canopy forming

macroalgae, which provides refuge, especially for juvenile fishes

(Eggertsen et al., 2017; Fulton et al., 2020), including Atlantic cod

(Lorentsen et al., 2010). Macroalgae require hard substrata to attach

to (Blanfuné et al., 2019), and according to Geist & Hawkins (2016),

suitable areas for active restoration in coastal systems include

ecosystems, which have lost their biogenic structure. In our models,

macroalgae was a significant positive predictor in cod, two-spotted

goby, and goldsinny wrasse (demersal species showing the strongest

positive restoration responses) (Figure 3; Figure 6). Thus, restoring

macroalgae forests will likely support and increase the abundances

of these species.

Temperature was overall a significant positive predictor of fish

abundances (Figure 3), however, herring abundance correlated

negatively with temperature, revealed by both BRUVS and UBRUVS

data. In the Western Baltic Sea, stocks of cod and herring are below

the safe biological limits, caused mainly by overfishing, changes in

salinity and declining oxygen concentration in the water

(ICES, 2023a). Water temperature will likely vary with climate

change (ICES, 2023a). Herring migration and reproduction patterns

are shaped by water temperature. Increasing temperatures advance

the arrival of Western Baltic Spring Spawning herring stock to the

Kiel Fjord spawning grounds by up to 3.5 months (Ory et al., 2022).

Warmer waters generally have also been linked with decreased

herring reproductive success (Polte et al., 2021). The absent

response of herring to cobble reef restoration might have been

partially related to increasing water temperature. Data collection

started in early April during all the sampling years (2017, 2018 and

2021). The sampling time was scheduled to detect Atlantic herring

spring spawning, however, it remains possible that the fish were

spawning earlier, perhaps in March, when no RUVS were in the

water.

The interpretation of the data from this study might have been

limited by a series of factors. Adding measures of oxygen

concentration in water as an explanatory variable in the models might

have been useful to account for the effects of external environmental

factors that could have affected abundance shifts in the study area.

Year to year comparisons in temperature records would have been a

reasonable way to further describe the role of temperature for the

changes in abundance of Atlantic cod and Atlantic herring in the study

area. To better identify Atlantic herring spawning in future studies

further sampling techniques should be considered, including sampling

earlier in the spring, nocturnal sampling, e.g. visual census or searches

for herring eggs (Polte et al., 2021).

Both BRUVS and UBRUVS successfully identified three out of six

focal species that were positively affected by reef restoration as well

as detecting the same effects of temperature (with the exception of

Atlantic cod) and macroalgae. However, no negative abundance

effects were consistently detected via both sampling methods,

indicating limited, but uncertain, negative effects of the cobble reef

restoration. BRUVS might be the right technique to reduce sampling

effort without obscuring correlations of fish abundance and reef

restoration. Alternatively, UBRUVS might be the better choice for

detecting restoration effects as well as species natural behaviour.

4.1 | Implications for conservation

Findings of this study provide new evidence of the effects of habitat

restoration in temperate latitudes on fish abundances. By providing

additional availability of structurally complex habitat (i.e., reef area),

three species, Atlantic cod, goldsinny wrasse and two-spotted goby,

were positively affected by the restoration.

Our findings underline the significant contribution of canopy

forming macroalgae to habitat structural complexity and the positive

effects on the fish community. The species that benefited the most

from the restoration are the ones that positively correlated with the

explanatory variable “macroalgae” in the models. We advise that

future reef restoration projects enhance the development of the

canopy forming macroalgae community, but also conduct continued

monitoring across multiple years, because macroalgae development

requires time.

Rocky reef restoration effects might be altered by larger scale

environmental factors such as temperature or oxygen concentration

and/or human pressures (e.g.,fishing). Therefore, by adopting a holistic,

ecosystem-based approach for the management of coastal areas, fish

populations might benefit additionally from reef restoration.

Reef restoration contributes to the implementation of the UN

Sustainable Development Goal 14, by restoring habitats for various

fish species. The results of this study underline the ecological

importance of cobble reefs and their potential to become useful

conservation tools in areas that have been subjected to cobble

extraction. However, in many dedicated areas, ongoing extraction of

cobble, and other seabed substrates, is still impacting coastal

ecosystems and the associated marine life (e.g., fish abundance). We

warn against this anthropogenic impact in vulnerable areas and

emphasize the importance of ecosystem restoration efforts.
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