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ABSTRACT 

Kelp beds are a defining feature of temperate reefs worldwide, playing a fundamental role as 

ecosystem engineers and primary producers. Overgrazing by the native sea urchin 

Heliocidaris erythrogramma has driven a phase shift from kelp beds of Ecklonia radiata to 

barrens across much of Port Phillip Bay, Victoria. Here we present the results of a transplant 

experiment, which took juvenile E. radiata sporophytes from a source reef and attached them 

with silicon tubing to basalt tiles. Following an initial localized cull, we monitored the 

development and survival of individual E. radiata to investigate the drivers of loss during 

transplantation, including disturbance (control vs. procedural control), receiving environment 

(kelp canopy vs. no canopy), and translocation site (within vs. between reefs). We also 

investigated the role of holdfast reattachment and developmental stage on kelp survival. 69% 

of the kelp transplants survived over the 17 weeks, with no increased loss resulting from 

transplantation to a reef 41 km away. We observed high survival of transplants in the absence 

of ongoing urchin exclusion. Furthermore, the provision of a canopy is not necessary and 

may result in adverse impacts on survival and development of juvenile sporophyte transplants 

presumably through competition for light. Individuals at the collection location (controls) 

were unlikely to survive to maturity suggesting their removal for transplanting is likely to 

have minimal impact on the kelp population of the donor reef. The methods used could be 

feasibly upscaled for rehabilitating or restoring kelp beds both in Port Phillip Bay and 

elsewhere. 
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Implications for practice 

• Transplantation of juvenile sporophytes with tiles and silicon tubing is a novel method 

that can be used for other kelp species at a comparable cost to previous restoration 

projects globally.  

• The potential negative impacts on natural source populations of transplantation can be 

mitigated by the use of sink populations of juvenile sporophytes, for example where 

hydrodynamics favor recruitment but not attachment once fronds have grown large. 

• Contrary to previous studies on recruitment in restored kelp patches, the provision of 

adult canopies, at least in winter, is unnecessary to improve juvenile transplantation 

success. 

• Whether grazer exclusion is necessary depends on the availability of alternative food 

sources at the restoration site. 

 

 

 

 

  



 
 

INTRODUCTION  

The need for ecosystem restoration worldwide to reverse adverse human impacts and address 

some of humanity’s biggest challenges has recently been acknowledged, with 2020 being 

declared the United Nations Decade on Ecosystem Restoration (UN General Assembly, 

2019). This declaration aims to achieve substantial upscaling of proven restoration methods 

to millions of hectares. Temperate reef ecosystems are one suitable target, as they are known 

to provide many important services but are currently widely degraded (Halpern et al. 2012; 

Krumhansl et al. 2016; Wernberg et al. 2019). 

Kelps are large canopy-forming brown algae of the order Laminariales (Bolton 2010), 

an ecosystem engineer and defining feature of temperate reefs worldwide. They provide 

habitat and food for a range of species (Jones 1992; Hinojosa et al. 2015). Australia’s Great 

Southern Reef, a 7M ha of kelp dominated temperate reef, is estimated to provide $130B/yr 

in waste treatment, fishing, and tourism, while most of its ecological values have not been 

quantified (Bennett et al. 2016; Gaylard et al. 2020). Despite their importance, kelp beds have 

suffered significant declines globally, with key drivers including warming, eutrophication, 

overfishing, storms, and overgrazing (Wernberg et al. 2019).  

Loss of kelp beds by the overgrazing of urchins is commonly associated with phase 

shifts to structurally simple algal turfs or bare rock, herein referred to as barren, which lack 

the services provided by kelp (Filbee-Dexter & Scheibling 2014). The shift from kelp bed to 

barren, a reef generally void of noncoralline algae, is understood to occur when a critical 

urchin density has been reached (Filbee-Dexter & Scheibling 2014). The critical density of 

urchins is species specific, with values of 4-10 m-2 for Centrostephanus rodgersii (Ling et al. 

2009) and approximately 8 m-2 for Heliocidaris erythrogramma, triggering phase shifts in 

eastern Australia (Kriegisch et al. 2016). This alternate reef state is considered stable, as a 



 
 

much lower density of urchins is required for recovery of the kelp state, 0.2-1.2 m-2 for C. 

rodgersii (Ling et al. 2009) and 4 m-2 for H. erythrogramma (Kriegisch et al. 2016). The kelp 

free reef may be further stabilized through the development of turf, which is often associated 

with eutrophication and warming, which can inhibit natural recovery of kelp (Filbee-Dexter 

& Wernberg 2018). Alternatively, a macroalgal reef assemblage may form, suppressing the 

deteriorated reef state feedback loops and allowing kelp to reestablish (Wernberg et al. 2019). 

Understanding the stability of these alternative stable states is important when 

considering kelp restoration options, whether for enhancing resilience of an existing kelp bed 

or reestablishing a lost kelp bed. For example, if a phase shift away from a kelp bed appears 

imminent due to high urchin density, removal of urchins may be the only action required 

(Leinaas & Christie 1996). However, if a stable algal turf has developed and no propagule 

supply is present, more active intervention may be required involving removal of turf or 

provision of substrate, provision of kelp spores, or transplanting of sporophytes (Morris et al. 

2020). 

Transplanting is an active restoration method involving the movement of kelp 

sporophytes from one location, either a donor reef or stock from lab culture to a receiver reef. 

Transplanting may be justified where background drivers for loss have been addressed but 

where spore supply or suitable settlement substrate remain low (Morris et al. 2020). While 

transplantation has rarely been implemented with kelps at scale, and only with mixed success 

(eg. Sanderson 2003), the method has been used extensively in research (Fowler-Walker et al. 

2005; Bennett et al. 2017; Layton et al. 2021) and for restoring other canopy-forming 

seaweeds such as crayweed (Fucales) (Campbell et al. 2014). These studies have used various 

life stages from microscopic gametophyte stages to adult sporophytes (Reeves 2017; Layton 

et al. 2019), however which stage is most appropriate to transplant is unclear as smaller kelp 

tend to acclimate more quickly, while larger kelp may survive better post-disturbance 



 
 

(Fowler-Walker et al. 2005; personal observation 2019). Furthermore, survival and growth of 

small transplants may require the presence of a canopy (Layton et al. 2019), while larger 

individuals can help facilitate a phase shift back to kelp bed by sweeping clean the 

surrounding reef, shading the understorey, and supplying spores (Reed & Foster 1984; 

Toohey et al. 2004; Wernberg et al. 2005). Lastly, the choice of donor reef should consider 

the availability of sporophytes of suitable size, the acclimation of those sporophytes, and the 

possible impacts to the donor reef of removing them. 

Here we investigate transplantation as a restoration tool for kelp in Port Phillip Bay, 

Australia. Ecklonia radiata (Agardh, C.) Agardh J., is the locally dominant habitat forming 

kelp on Australia’s Great Southern Reef stretching from Kalbari, Western Australia to 

Brisbane, Queensland (Bennett et al. 2016). High sea urchin (H. erythrogramma) densities 

have led to a rapid decline in kelp cover across many reefs in the Bay, particularly in the 

north (Carnell & Keough 2019). The non-native species, Undaria pinnatifida (Harvey) 

Suringar is often found emerging on these degraded E. radiata beds, providing similar 

canopy structure through winter and at least some equivocal services (Barrett et al. 2019), 

however its ability to provide adequate protection for juvenile E. radiata sporophytes has not 

been tested. In this region active restoration methods (sensu Morris et al. 2020) for kelp beds 

are necessary due to the high sea urchin densities, formation of an algal turf matrix inhibiting 

growth and survival of early life stages, and a lack of spore supply given the limited coverage 

of remnant kelp beds (Johnson et al. 2015). Three stages have been described in the 

development of E. radiata sporophytes based on their physical structure: stage I are defined 

by a single oblong blade, stage II by simple and entire secondary blades, and stage III by 

compound lateral blades (sensu Kirkman 1984). To develop an active restoration method, we 

measured the survival and development (holdfast reattachment and maturation to stage III) of 



 
 

juvenile (stage I and II) sporophyte transplants in different receiving environments to test the 

following hypotheses: 

1. The survival of juvenile sporophytes in the procedural control will be similar to that 

of non-disturbed individuals (with no urchin grazing pressure and similar 

environmental conditions);  

2. The survival of juvenile sporophytes will be greater in the control compared to 

transplant treatments (high grazing pressure at restoration sites), however;  

3. The survival of juvenile sporophyte transplants will be greater in fenced than 

unfenced treatments (lower grazing pressure);  

4. There will be no difference in the survival of juvenile sporophytes translocated to 

barrens between locations (similar handling methods and receiving environments); 

5. The survival of juvenile sporophyte transplants will be greater under a canopy (due to 

protection from excess light and urchin herbivory), however; 

6. There will be no difference in survival of juvenile sporophyte transplants between E. 

radiata and U. pinnatifida canopies (as both have similar size and geometry);  

7. Stage II transplants will have greater survival than stage I transplants (as greater loss 

was observed among small transplants in a pilot study), but; 

8. Stage I transplants will show a higher rate of holdfast reattachment (due to their 

improved capacity for acclimation). 

 

METHODS 

A transplant experiment was undertaken across two rocky reefs in Port Phillip Bay (hereafter 

the Bay), Victoria, Australia (Fig. 1a). Kelp sporophytes were sourced from Point Linley 

(145°02’ E, 38°13’ S) and deployed to barrens at Point Linley and Williamstown (144°54’ E, 



 
 

37°52’ S). The Point Linley treatments were set up on 29 Aug 2019 and the Williamstown 

transplants set up on 04 Sep 2019. Point Linley Reef is located in the south-east of the Bay, 

between Mornington and Mount Martha. It is a sedimentary reef, presumably Sandringham 

Sandstone, with high relief interspersed by areas of sediment and mussel shells. The western 

side of the reef drops off to approximately 10 m depth, while the eastern side gradually 

shallows and transitions into a sandy beach (Fisherman’s Beach). During the period of this 

study, the northern end of the reef was a barren whereas the southern section of the reef 

contained a kelp bed located primarily at approximately 4 m depth. The Williamstown East 

Reef is located in the north of the Bay. The reef is an outcropping of the Newer Volcanics 

plain which covers much of the western side of the Bay. The reef also contains boulders and 

extends from the modified shoreline to the north where basalt boulders have been assembled 

into breakwaters and a groin. The reef is relatively flat and generally about 3 m deep. 

Large numbers of E. radiata juvenile sporophytes were observed on shallow vertical 

surfaces in remnant mussel beds, at the western end of the main kelp bed at Point Linley 

Reef. These juvenile sporophytes were targeted for use in this experiment due to their 

availability and the scarcity of juvenile sporophytes elsewhere on the reef at the start of the 

experiment. The treatments are summarized in Table 1 and illustrated in Figure 2. 

In late August, stage I and II sporophytes (48 of each) were randomly selected and 

removed from the donor reef, from depths of 1.2 to 2.0-m (Fig. 1b) and lifted to the dive boat. 

On the boat, individuals were randomly assigned to 12 basalt tiles (30 x 150 x 300-mm; 4-

kg). The stipe of the individual was held between two pieces of silicon tubing that were 

wrapped around the tile and held together with cable ties; this secured the holdfasts of the 

transplants to the tiles (Fig. 1c). A total of four E. radiata juvenile sporophytes of each stage 

were attached to each tile, with positions randomly assigned. The transplants were kept on the 



 
 

boat for a total of 90-minutes, initially loose in eskis of fresh seawater, then once attached to 

the tiles, stacked in the same eskis with fresh seawater. 

As a procedural control, four of the tiles were placed as close as possible on the donor 

reef within a 1-m2 area (hereafter Procedural Control), these tiles were placed on a horizontal 

surface as it was not possible to reattach the tiles vertically onto the surface where the 

transplants were removed. Within a 1-m2 area in an adjacent barren with no canopy algae, 

four tiles were placed (hereafter Barren). Another 1-m2 area of the adjacent barren received 

tiles surrounded by an urchin exclusion fence (hereafter Barren + Fence). The exclusion fence 

was 600-mm high with a 48-mm aperture and was fixed to the reef along the perimeter of the 

1-m2 plot using a chain and metal pins, with sub-surface floats holding the fence stretched 

along the top (Fig. 1d). Stage I (x26) and stage II (x15) sporophytes on the donor reef were 

tagged as controls (i.e., were not removed or placed on tiles; hereafter Control). At the time 

of deployment, all urchins found within the 1-m2 area of each treatment was removed, with 

the assumption that this would be a necessary step in any restoration project to protect 

transplants from urchin herbivory. No urchins were encountered in either the Control or 

Procedural Control at the time of deployment. 

In early September 2019, 64 individuals of each stage were collected from the donor 

reef and attached to basalt tiles, as before. These tiles were then deployed at Williamstown in 

groups of four, placed in 1-m2 areas. The first group was to a barren (hereafter Translocation 

+ Barren), the second also to a barren with an urchin exclusion fence (hereafter Translocation 

+ Barren + Fence), the third under an E. radiata canopy (hereafter Ecklonia Canopy), and the 

fourth under an U. pinnatifida canopy (hereafter Undaria Canopy). The Ecklonia and 

Undaria Canopies were standardized by ensuring they had a similar number of stipes during 

deployment (17 Undaria, 14 Ecklonia at deployment, thinned to 14 each). Ideally tiles would 

have been spaced further apart but we were limited by the availability of Ecklonia and 



 
 

Undaria beds at Williamstown and barren area at Point Linley. As such, treatments were 

placed closer to one another to minimize spatial effects. 

Monitoring of the transplants was undertaken at Point Linley in weeks 2, 3, 4, 5, 12, 

and 17 from deployment, and at Williamstown in weeks 3, 5, 12, and 17 from deployment. 

During each survey, the stage and condition of each transplanted or tagged individual was 

noted and whether the holdfast had reattached, as well as a count of urchins within the 1-m2 

deployment area. Individuals were classified as: missing; only the holdfast remaining; stipe 

present but no lamina; Stage I, II or III; and holdfast attached. 

To test the effects of Treatment and Initial Stage on sporophyte Loss, a time-to-event 

(ie. to loss, maturation, or reattachment) analysis was undertaken in R (v. 4.0.0) using the 

survive (v. 3.1.12) package (Therneau & Grambsch 2000; R Core Team 2020; Therneau 

2020). Testing of the model determined the need to include a time interaction with Initial 

Stage in order to comply with the proportional hazard assumption (Schoenfield residual p 

<0.05), but no significant interaction between Treatment and Initial Stage was observed. 

The observational data was restructured with a time-to-event for Loss, Reattachment, 

and Maturation, and a censoring code to indicate whether each event occurred. Since there 

were eight separate occasions where transplants had recovered after being eroded back to the 

holdfast, Loss was defined as complete loss including the holdfast. The time unit was 

converted from days to weeks allowing observations at both reefs during a single week to be 

linked. The data was split into 1-week blocks using the Greg package (v. 1.3.3) allowing the 

inclusion of a time covariate where necessary (Gordon & Seifert 2020). All analyses were run 

separately for the two Initial Stages. Additional models were run to investigate the specific 

impacts of Fencing, Translocation, and Canopy, combining relevant treatments for greater 



 
 

power. A time interaction with Fencing was required to maintain the proportional hazards 

assumption. 

Reattachment and Maturation were modeled in the same way as loss; however, the 

Control was not included since no reattachment was possible and low survival in the Control 

resulted in failed model convergence for maturation. A time interaction with Initial Stage was 

required for both Reattachment and Maturation, however the time interaction with Fence was 

not required. To investigate the impact of Reattachment and Maturation on survival these 

observations were also included as factors. A time interaction with Reattachment was 

required. As these factors cannot be controlled, the results may be influenced by the data 

structure (i.e., both Reattachment and Maturation only occurred towards the end of the 

experiment). 

Mass loss of sporophytes was observed during the study, with a gradient of loss 

observed from shallow to deep (see Results). This impact was most pronounced in the 

Background Control, which was located in shallower water to the Disturbance Control and all 

other treatments because of the high availability of juvenile sporophytes. This loss of shallow 

sporophytes led to a higher survival being observed in the Procedural Control than the 

Background Control, removing our capacity to determine loss due to disturbance, and further 

indicating the Background Control does not provide a good indication of background survival 

rates (at the depth of treatments). The Procedural Control was therefore adopted as the 

comparator in our analysis. 

Results of the time-to-event analysis are presented as hazard ratio plots in Figure 4, 

with a value of greater than one representing an increased likelihood of loss (M1), 

reattachment (M2), or maturation (M3) relative to the denominator. Denominators used in the 

plots were selected to consider each component of the transplant method (Fig. 3); Procedural 



 
 

Control (a), initial stage I (b), unfenced (c), not translocated (d), no canopy (e), and not 

reattached or matured (f). Results are also provided in table form in the Supporting 

Information (Tables S1 – S3). 

 

RESULTS 

Urchins returned at various densities to the treatments after initially being removed. Urchin 

densities in Williamstown were generally much higher than Point Linley, ranging from 15-m-

2 in the Undaria Canopy treatment down to 5-m-2 in the Ecklonia Canopy treatment. The 

fenced and unfenced Barren treatments in Williamstown had similar maximum densities of 

14-m-2 and 13-m-2, respectively. The corresponding treatments in Point Linley reached 

maximum densities of 1-m-2 and 7-m-2, respectively, while no urchins were observed at any 

time in the Control or Procedural Control. 

Loss of tagged sporophytes in the Background Control was highly dependent on 

depth after 12 weeks, with 25% survival at 1.2-m, 40% survival at 1.4-m, and 100% survival 

at 2.0-m. Loss was not significantly affected by treatments at either site (Fig. 4 M1a). Stage II 

transplants had significantly lower loss (0.17x) compared to stage I, however this effect 

decreased with time (Fig. 4 M1b). 

While the fences did not exclude urchins as intended, their presence resulted in 

significantly increased loss of stage I (15x) and nonsignificantly increased loss of stage II 

(5x) (Fig. 4 M1c). The effect on stage I transplants decreased significantly through time (Fig. 

4 M1c). Translocation across the Bay had minimal impact on loss (Fig. 4 M1d). The 

provision of a canopy resulted in significantly increased loss of stage I (2x), while having 

little impact on the survival of stage II transplants (Fig. 4 M1e). 



 
 

Reattachment was significantly enhanced for stage II transplants across all treatments 

except Ecklonia Canopy, while the impact on stage I transplants was mixed (Fig. 4 M2a). 

Stage II transplants were significantly more likely to reattach (2x), however the effect 

decreased significantly with time (Fig. 4 M2b). Translocation across the Bay, fencing, and 

presence of a canopy all significantly reduced reattachment of stage I transplants (Fig. 4 

M2c,d,e). Provision of an Undaria canopy compared to Ecklonia canopy resulted in a 

significantly higher likelihood of reattachment (3x). Maturation significantly increased 

reattachment for stage I transplants but had little effect on the reattachment of stage II 

transplants (Fig. 4 M2f). 

All treatments except Ecklonia Canopy resulted in significantly increased maturation 

of stage I transplants, but significantly reduced maturation of stage II transplants, compared 

to the Procedural Control (Fig. 4 M3a). Stage II transplants were significantly more likely to 

fully mature but the difference between initial stages reduced over time (Fig. 4 M3b). 

Fencing had little impact on maturation for either stage (Fig. 4 M3c). Translocation across the 

Bay resulted in significantly greater maturation of stage I transplants while having almost no 

effect on stage II transplants (Fig. 4 M3d). Provision of a canopy significantly reduced 

maturation of both stage I and II transplants (Fig. 4 M3e). Reattachment significantly 

increased maturation of both stage I and II transplants (Fig. 4 M3f). 

 

DISCUSSION 

In undertaking this Ecklonia radiata transplant experiment in the Bay and monitoring the fate 

of transplants over a 17-week period, we have been able to assess the likely factors 

contributing to loss (disturbance, placement in a barren, and translocation across the Bay) and 

whether additional interventions (urchin exclusion fence and canopy provision) are necessary 



 
 

to increase survival. Encouragingly, the survival of stage I and II individuals across all 

transplant treatments were the same as procedural controls. Methodological factors 

independent of treatment (e.g., loss from failure of the initial attachment method), likely 

contributed to the observed high variability in loss rates, and hence the lack of statistical 

significance. As maturation and reattachment rates are based only on individuals that were 

not lost, these data were not impacted by this issue. As the undisturbed control had 

significantly lower survival rates than the procedural control, this suggests that these shallow-

water boulder habitats could serve as a sustainable source of juvenile sporophyte transplants 

in the Bay. Urchin densities were unrelated to transplant losses, with greater losses observed 

under canopy treatments, which were expected to protect transplants from urchin herbivory. 

Translocation across the Bay, as well as the canopy type, had little impact on loss rates. Stage 

II transplants had a significantly lower loss rate and higher rates of reattachment and 

maturation than stage I transplants. Many of these results can be explained by the impact of 

shading. These findings add to the growing evidence that kelps, including Macrocystis spp. 

(Hernández-Carmona et al. 2000; Westermeier et al. 2016), Lessonia spp. (Westermeier et al. 

2016), and Ecklonia spp. (Reeves 2017; Layton et al. 2021) can be successfully transplanted. 

Tracking of undisturbed individuals on the donor reef (control) revealed a potential 

sink population (Pulliam 1988), as juvenile sporophytes on this boulder habitat are unlikely to 

survive to maturity. Although previous experiments tracking survival of transplants and 

undisturbed controls for kelp and Fucales have found little loss due to disturbance (Campbell 

et al. 2014; Reeves 2017), we observed the highest loss in the undisturbed control. The choice 

of background population (control) in this study was driven by the availability of juvenile 

sporophytes, which were concentrated towards the shallow top of the boulders, which were 

void of adult kelp. These juvenile sporophytes experienced high loss (75%), especially of 

stage II individuals, which was depth dependent. These observations are consistent with 



 
 

increased drag forces from larger fronds resulting in increased wave-induced detachment 

from the boulder, which may have been exacerbated by settlement on to a potentially 

unstable substrate (i.e., the mussel bed which was also lost), as mussels can experience 

detachment in forces as little as 5-N (Witman & Suchanek 1984; Thomsen et al. 2004). The 

presence of a sink population of juvenile E. radiata sporophytes, if found to recur each year, 

indicates a potential source with minimal impact on the donor reef, an important 

consideration in active restoration (Carney et al. 2005; Morris et al. 2020). Further 

investigation of the mechanisms leading to poor survival to maturation and subsequent 

mapping can assist in identifying areas suitable for sourcing juvenile sporophytes and for the 

placing of artificial substrates for kelp recruitment, as well as areas unsuitable for restoration 

via transplantation.  

The advantages observed in this study of transplanting stage II rather than stage I 

sporophytes, including increased survival (6x), reattachment (2.2x), and maturation (1.5x), 

likely outweighing the benefits of greater developmental plasticity (Fowler-Walker et al. 

2005) and increased availability of stage I sporophytes for transplantation. The observed 

increase in survival was pronounced compared to a recent transplant experiment with the 

same kelp within the Bay that found stage II survival was only 1.12x greater than stage I 

(Reeves 2017), where juvenile sporophytes were transplanted with the rock they were 

attached to. The increased survival of transplants means less sporophytes are required to 

achieve target densities. Stage II transplants reached maturity (stage III) slightly faster than 

stage I transplants (90 and 98 days, respectively), rates consistent with previous observations 

(Kirkman 1981; Schiel 1988). The 8-day difference in maturation date in the context of 

seasonality in spore release cycles suggests either stage transplant would provide similar 

contributions to the next spore release and protection for new recruits from solar insolation, 

both important positive feedback mechanisms in kelp restoration (Reeves 2017). The 



 
 

significantly increased likelihood of reattachment may, however, lead to additional service 

provision such as habitat for invertebrates (Hauser et al. 2006). 

The reduced maturation of juvenile sporophytes transplanted under an adult canopy 

was consistent with previous observations of arrested development within kelp beds allowing 

rapid recovery following canopy disturbance (Toohey & Kendrick 2007). Potential 

explanations for this, and the coincident low survival, may include reduced light, reduced 

water movement, potential scouring of fronds, or changes in water chemistry (Miller et al. 

2011; Britton et al. 2016). Of the transplants in the procedural control that survived to the end 

of the experiment, 83% of stage IIs matured to stage III, while only 30% of stage Is did. This 

suggests that conditions of the procedural control, including more light in the shallower 

water, may have facilitated faster growth of the stage II sporophytes which subsequently 

shaded the smaller stage Is. This prediction is consistent with what we observed in the 

experimental treatments, where the provision of a canopy significantly reduced maturation 

compared to treatments without canopy algae. The timing of this experiment made full use of 

the vegetative phase of Undaria pinnatifida, which reached full size around the end of 

August and lasted until the end of November. The timing of this phase (winter/spring) 

coincides with periods of lower solar insolation (Lee et al. 1995). Running the same 

experiment in summer might result in a reversal of effects with shading improving survival of 

juvenile sporophytes, which would be consistent with what has been observed in other studies 

(Layton et al. 2019). This suggests that while co-transplanting with adults or using surrogate 

canopies may improve transplant success in summer, it may be deleterious when 

transplanting in winter. It is therefore important to consider the potential seasonal effects of 

treatments when planning a restoration project, and future research should explicitly explore 

when transplantation is likely to be most successful and require the least intervention. 



 
 

The urchin exclusion fences were also ineffective at reducing urchin numbers, with 

urchin densities similar inside and outside the fences at Williamstown. This was presumably 

due to the challenges of ensuring 100% removal and exclusion on a topographically complex 

reef, noting only one urchin was observed inside the fence at Point Linley. The increased 

difficulty in applying urchin exclusion devices in complex habitats may mean these habitats 

will incur greater maintenance and financial costs to restore (Bennett et al. 2017). The fences 

also became heavily fouled with filamentous algae, likely resulting in shading and 

presumably reduced water flow inside the fences (Miller & Gaylord 2007; Bennett et al. 

2017), both of which could have contributed to the increased loss in fenced treatments. 

Enhancing this effect was the fence length to area ratio (4-m/m2) which is far higher than 

would occur in a larger restoration effort. For example, restoring a 10 x 10-m patch of reef 

with a fence around it would have a length to area ratio of 0.4-m/m2. 

Despite very high urchin densities returning to treatments at Williamstown in all 

except the E. radiata treatment, juvenile sporophyte transplant loss rates were unrelated to 

urchin density. The lowest and highest urchin densities at Williamstown occurred in the 

canopy treatments of E. radiata and U. pinnatifida, respectively, supporting the idea that E. 

radiata canopy provides a deterrence function, while survival in these treatments was very 

similar. As there was abundant kelp on the reefs in the vicinity of the experimental plots, it is 

possible that food (specifically drift algae) was not a limiting food source (Kriegisch et al. 

2019). With urchins grazing drift rather than transplanted kelp, the effect of urchin deterrence 

by the E. radiata canopy may have been masked. In other restoration contexts with less drift 

available, urchin grazing may pose a much greater hazard to transplants. 

The transplanting method discussed here could be easily adapted for restoration of 

kelp beds at various transplant densities by spacing the tiles and could be upscaled to deploy 

around 140 tiles in a 6-hour day, sufficient for 140-m2 at a density of 8.3 sporophytes/m2. The 



 
 

costs associated with this method at scale (Eger et al. 2020) are comparable to other 

restoration projects such as Saccharina latissima green gravel where transplants were 

cultured in the laboratory (Fredriksen et al. 2020) and adult crayweed, Phyllospora comosa, 

transplanted on mesh mats (Layton et al. 2020). The table has now been moved to the 

Supporting Information (Table S4). 

Underlying all restoration efforts is an understanding that the restored habitat would 

have greater value than the existing condition. Along with the costing in the supporting 

information online, available ecological service values have been included. It should be noted 

that this includes only a very limited number of quantified services, and the services have 

been explicitly stated to be nonspatially-homogenous (Gaylard et al. 2020) so they should not 

be simply multiplied by the area being considered. Ecosystem services considered include 

waste treatment, abalone and rock lobster, wild catch fisheries, aquaculture, and tourism and 

recreation while services not assessed include cultural values, biodiversity, carbon storage, 

coastal protection, and food provision. Justification of restoration efforts would be aided by 

more comprehensive ecological service valuations at high resolution that account for 

differences among reef states and qualities. 
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TABLES AND FIGURES 

Tables 

 

Table 1 Experimental treatments and their purpose. 

ID Treatment Location Purpose 

1 Control Point Linley Determine background rate of survival 

2 Procedural 

Control 

Point Linley Determine the loss associated with handling and 

reattachment (planned comparison to #1) 

3 Barren Point Linley Determine success of transplantation to a local barren 

(planned comparison to #2) 

4 Barren + 

Fence 

Point Linley Determine success of transplantation to a local barren 

with urchin exclusion (planned comparison to #3) 

5 Translocation 

+ Barren 

Williamstown Determine success of translocation to a distant barren 

(planned comparison to #3) 

6 Translocation 

+ Barren + 

Fence 

Williamstown Determine success of translocation to a distant barren 

with urchin exclusion (planned comparison to #4) 

7 Ecklonia 

Canopy 

Williamstown Determine effect of canopy on transplant survival 

(planned comparison to #5) 

8 Undaria 

Canopy 

Williamstown Determine effect of canopy type on transplant 

survival (planned comparison to #7) 

 

 

 



 
 

Table 2 Summary of time-to-event models with predictor variables used. tstart = 

week of observation. 

Target 

variable 

Model ID Predictor variable(s) 

Loss M1a  All Treatments 

M1b InitialStage + InitialStage:tstart 

M1c Fence + Fence:tstart  

M1d Translocated  

M1e Canopy  

M1f Reattached + Matured + Reattached:tstart 

Reattachment M2a All Treatments (excluding Control) 

M2b InitialStage 

M2c Fence 

M2d Translocated 

M2e Canopy 

M2f Matured 

Maturation M3a All Treatments (excluding Control)  

M3b InitialStage 

M3c Fence 

M3d Translocated 

M3e Canopy 

M3f Reattached 

 

  



 
 

Figure captions 

 

Figure 1. Clockwise from top left: a) Map of field sites; b) Boulder with juvenile sporophytes 

at the top and adults at the bottom; c) Basalt tile with juvenile sporophytes attached by silicon 

tubing around stipes; and d) Urchin exclusion fence design with floats along the top, chain 

along the bottom, and steel pins to secure the chain to the reef. 

  

Figure 2. Schematic of experimental treatments across the two sites. 

  

Figure 3. Symbolic illustration of numerators (black text) and denominators (yellow text) 

used for each comparison. Figures of stage I and stage II sporophytes adapted from Kirkman 

(1984). Eck = Ecklonia canopy, Und = Undaria canopy, Brn = Barren, T+ = Translocation, 

+F = Fenced, BG = Background Control, PC = Procedural Control. 

 

Figure 4. Hazard ratio plots for loss, reattachment, and maturation (+/- 95% CI). In the top 

panel each treatment (numerator) is compared against the Procedural Control (denominator). 

Thus, hazard ratios greater than 1 indicate an increased hazard (i.e., increased loss, 

reattachment, and maturation). Initial stage I (yellow bars) and stage II (blue bars) were 

modeled separately, except when testing the effect of Initial Stage (green bars). BG = 

Background Control, Brn = Barren, F = Fence, T = Translocated, Eck = Ecklonia, Und = 

Undaria, IS2 = Initial stage II, ST = Start time (week), Trans = Translocated, Cnpy = 

Canopy, Mat = Maturation, Reat = Reattachment. Asterisks denote significance at different 

alpha levels: * <0.05; ** <0.01; *** <0.001. 



 
 

 

Figures 
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Figure 3 

Comparison Numerator (black text) and 

Denominator (yellow text) 

a – Treatments (M1 – M3) 
 

 
b – Initial Stage (M1 – M3) 

 
c – Fenced (M1 – M3) 

 
d - Translocation (M1 – M3) 

 
e – Canopy (M1 – M3) 

 
f – Reattachment and 
Maturation (M1) 
 
 
 
 
 
 
 

f – Maturation (M2) 
 

 

f – Reattachment 
(M3) 
 

 

 



 
 

Figure 4 
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