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Abstract

:

The growth of biofouling on aquaculture infrastructure is a universal challenge. Standard industry practices to remove biofouling in finfish aquaculture typically include in situ net cleaning via power washing. Since those cleaning practices can be potentially harmful to fish-gill health and expensive, development of other non-toxic biofouling controls is an industry priority. Deposit-feeding sea cucumbers are potentially well suited for biofouling control due to their feeding mechanism, but remain relatively untested in this capacity. We examined the use of California sea cucumbers (Apostichopus californicus) to control biofouling on cages containing adult Chinook salmon (Oncorhynchus tshawytscha) at a commercial farming operation. Four cage types were established: cages with salmon and sea cucumbers, cages with salmon only, cages with sea cucumbers only, and cages without either species. Results showed that the sea cucumbers actively fed on biofouling when salmon were absent (~16% cleaner on average) but preferred to consume uneaten feed/faeces at the bottom of the cages, neglecting the biofouling, when the salmon were present. It is hypothesized that biofouling control in cages with salmon may be possible with an increased density of sea cucumbers. This is the first study to examine the use of sea cucumbers as a direct net biofouling control agent with adult fish. Our results will be beneficial for industry to develop standard operating procedures for using California sea cucumbers as a biofouling control and could contribute to the development of a management framework for sea cucumber/salmon integrated multi-tropic aquaculture.
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Key Contribution: Results showed that the sea cucumbers actively fed on net biofouling when salmon were absent (~16% cleaner nets on average) but preferred to consume uneaten feed/faeces at the bottom of the cages, neglecting the biofouling, when the salmon were present. This is the first study to examine the use of sea cucumbers as a direct net biofouling control agent with adult fish.










1. Introduction


The growth of biofouling material on aquaculture infrastructure is an expensive and universal challenge faced by the industry. A recent study in Norway calculated that the cost of biofouling management per production cycle could be as much as USD 500,000 per eight standard production finfish cages [1]. The blockage of net openings by biofouling organisms can negatively impact fish health by reducing water flow through the nets [2] and affect local hydrodynamic conditions around farm sites [3,4], leading to poor flushing of waste and/or hypoxic conditions. Standard industry practice to remove biofouling typically includes in situ net cleaning via power washing on a monthly or even bi-weekly frequency when fouling levels are highest in the summer. However, that cleaning practice has recently been recognized as being potentially harmful to fish gills due to the plume of biofouling particulates, particularly stinging-capable hydroids, released into the water column as a result of the pressure-washing process [5,6,7,8]. The release of biofouling material through power washing can also promote the spread of invasive species to other cages in the vicinity and into the general marine environment [5].



A number of innovations have been explored by the finfish aquaculture industry in an attempt to improve the cost effectiveness and lower the environmental impacts of power washing, including novel antifouling coatings for nets [9,10], adding bubble streams around cages [11], in situ cleaning via net-crawling robots [12,13], and in situ cleaning with organisms such as the lumpfish (Cyclopterus lumpus [14,15]), ballan wrasse (Labrus bergylta [16]), West Indian spider crab (Maguimithrax spinosissimus [17]), and California sea cucumbers (Apostichopus californicus [18]). Economic and environmental impact analyses reveal that a combined approach of biofouling prevention and active control methods will likely need to be used together in order to achieve a sustainable and permanent solution for the aquaculture industry [1]. Therefore, development of a non-impactful toolkit of cost-effective and environmentally-sustainable options for the industry to rely on should continue to be a priority for the biofouling research community.



Deposit-feeding sea cucumbers are well known for their ability to ingest and assimilate organic material from sedimentary environments and have been shown to be efficient organic extractive species in integrated multi-trophic aquaculture (IMTA; [19,20,21,22]). They are also behaviourally passive, not prone to disease, and have well-established global markets [23], making them a safe and lucrative option for IMTA with finfish and shellfish. They are lesser known, however, for their potential biofouling mitigative properties. Nearly all studies involving sea cucumbers and biofouling control have focused on using bioactive compounds from their tissues and extracts as novel antifouling coatings [24,25,26]. However, many sea cucumber species have large peltate feeding tentacles that brush the surface of soft and hard substrates, picking up organic-rich material for ingestion. This feeding mechanism could potentially dislodge young/small biofouling organisms on nets used in finfish farming, providing active removal and control of biofouling. Indeed, one previous study in Alaska (USA) housed California sea cucumbers in cages with pink (Oncorhynchus gorbuscha) and chum (O. keta) salmon fry with results showing that nets were 58% cleaner when sea cucumbers were present than when they were absent [18]. Despite their potential as net cleaners, no other studies have tested the biofouling control capacity of California sea cucumbers (or any other sea cucumber species) in finfish cages, leading to questions about the effectiveness of the species with other stages of salmon (e.g., juveniles, adults) or with other commercial finfish species. Indeed, the Ahlgren (1998) [18] study is the only one to examine the active biofouling mitigative properties of any sea cucumber species globally.



The objective of the present study was to examine the biofouling control capacity of California sea cucumbers in open net cages with mature Chinook salmon (O. tshawytscha) broodstock. This study was the first of its kind for the Canadian aquaculture industry and the first study worldwide to assess deposit-feeding sea cucumbers for active biofouling control in cages with adult finfish. The results will be beneficial for the salmon aquaculture industry in order to develop standard operating procedures for using California sea cucumbers as net cleaners and will contribute to the development of a management framework for sea cucumber/salmon IMTA.




2. Materials and Methods


2.1. Study Area, Farm Parameters, and Source of Sea Cucumbers


The study was conducted in the summer of 2021 at two organic Chinook salmon farm sites in Clayoquot Sound, British Columbia (BC), Canada, which are Canada-owned and operated by Creative Salmon Co., Ltd. (Figure 1). One site, Dawley Pass (DP), was located in Fortune Channel (49°09′56.3” N, 125°46′10.7” W) and the other, Warne Island (WI), was situated off the southwest shore of Warne Island (W49°07′41.6” N, 125°44′58.6” W). Both farm sites used for this study had mature Chinook salmon broodstock housed within designated net cages (15 × 15 × 15-m Viking-style cages with 4-cm stretch nylon netting). Fish density was dependent on normal industry practice and stock availability, with densities in the 3–4 kg m−3 range in this study. Fish were fed daily, to satiation, using underwater cameras to ensure adequate amounts of food were made available. Four hundred wild California sea cucumbers (>15-cm contracted length, measured after 5 s of consistent handling in air) were hand collected by SCUBA in Clayoquot Sound at a distance >1 km from the farm sites used in the study (Figure 1).




2.2. Experimental Design


Four cage types were established at both farm sites in order to test the capacity of sea cucumbers to control biofouling on Chinook salmon net pens: (1) fish only without sea cucumbers (F), (2) sea cucumbers only without fish (S), (3) fish and sea cucumbers (F + S), and (4) no fish or sea cucumbers, designated as an “empty” cage control (E). Each cage with sea cucumbers had 100 individuals (density = 1 ind 11.25 m−2 of net surface area), and was chosen based on the density used by Ahlgren (1998) [18]. Four cages were randomly chosen from the cage array (4 × 4) at both farm sites, one for each cage type, with three replicate one-month trials being conducted at both sites beginning in July, August, and September 2021 (i.e., replication was conducted temporally in three “trials”). Once assigned, cages were used for all three replicate one-month trials. During each replicate trial, sea cucumbers were allowed to actively feed on biofouling material in S and F + S cages. All nets were cleaned after each trial via sun drying and power washing, and everything was reset for subsequent temporal replicates. Sea cucumbers were transferred by divers to floating cages in the center of each fish pen during net cleaning operations in order to prevent damage or stress to them while the nets were being manipulated (Figure 2). Sea cucumbers were reused among the trials.




2.3. Analysis of Net Percent Cleanliness


Net percent cleanliness (PC) was defined as the percent area of net openings that was clear of biofouling growth. This was measured in each cage at the end of each one-month trial using image analysis of video footage collected by SCUBA at three different depth ranges: the top of the cage (~0–5 m), the middle of the cage (5–10 m), and the bottom of the cage (10–15 m). Three video transects per cage were taken at each sample date, with positions of the transects being chosen haphazardly. Image analysis was conducted by converting still frames from the video footage at each depth range into black/white threshold images in ImageJ software [27] and then calculating the percents of net openings that were clear (modified from [28]). A minimum of 25 net openings, chosen randomly, were analyzed at each net depth range per each of the three transects at each sampling point (~225 per cage per trial).




2.4. Stable Isotopes


Stable isotope ratios were used to explore feeding patterns of sea cucumbers housed with and without fish at the end of each 1-month replicate (i.e., August, September, October). Values for d13C and d 15N were obtained for sea cucumber muscle bands and body walls from S and F + S cages as well as wild-caught control individuals (from the original collection site, October only) using Elemental Analyzer Isotope Ratio Mass Spectrometry (EA-IRMS). Three sea cucumbers per cage type (F and F + S) were sampled at each time point. All samples were sub-sampled, run twice, and then averaged to account for sample heterogeneity. This work was completed by the Stable Isotopes Facility in the Faculty of Forestry at the University of British Columbia in Vancouver, BC.




2.5. Statistical Analysis


All statistical analyses were conducted using R statistical software [29] and graphics were produced using the ggplot2 package [30]. Significance was set at α = 0.05 for all tests. We first eliminated the possibility of seasonal variability and site variability on PC values using two-way Aligned Ranks Transformation (ART) ANOVA, since assumptions of normality were not met [31,32]. Since no significant seasonal or site effects were detected (Table 1), PC values were pooled from each one-month replicate trial and both farm sites for all subsequent analyses. Principle component analysis (PCA) was then used to compare patterns of PC values across net depths among experimental cage types (i.e., F, S, F + S, E). Follow-up two-way and one-way ART ANOVAs were performed to further explore the influence of net depth and cage type on PC values. Post-hoc pairwise comparisons were performed using an align-and-rank procedure with a Tukey correction of the p-values to correct for multiple pairwise comparisons.



A two-way ANOVA was then used to compare individual stable isotope ratios among factors (i.e., cage type, site) after each one-month replicate trial in order to assess the cumulative effects of sea cucumber exposure to biofouling at Chinook salmon farm sites. Parametric test assumptions of normality and homoscedasticity were confirmed using Shapiro tests and a plot of the residuals, respectively. Tukey post-hoc tests were used for pairwise comparisons of the treatments. No significant difference in stable isotope ratios between farm sites was detected.





3. Results


3.1. Net Percent Cleanliness


Over the course of the study, individual PC values exhibited a large range, from <10% to 100% (Figure 3). Average (±SD) PC values for the four cage types ranged from 62.1 ± 24.9% (F + S) to 79.4 ± 16.9% (S), but they did not differ significantly (Table 1). In addition, there was no significant cage-type × net-depth interaction (Table 1). There was, however, a significant net-depth effect, the top 5 m of the nets, with an average (±SD) PC value of 46.3 ± 33.5%, being significantly less clean at the end of each one-month trial than the middle (5−10 m) and bottom (10−15 m) regions of the nets, which had average PC values of 79.0 ± 18.1% and 77.5 ± 20.0%, respectively (Table 1).



Principle component analysis indicated two potential groupings, one containing the S and E cages and another containing the F and F + S cages (Figure 4). It also revealed that patterns of net PC values among the cage types were primarily being driven by cleanliness at the bottom of the nets only (Figure 4). Closer analysis of these bottom PC values revealed significant differences among the four cage types: F (65.3 ± 25.8%), S (94.2 ± 6.8%), F + S (67.2 ± 19.5%), and E (83.2 ± 9.2%) (Table 2). Pairwise comparisons showed significantly higher PC values in the S cages relative to the F and F + S cages, with no other significant pairwise comparisons. There were no significant differences among the cage types in the top and middle regions (Table 2). Overall, the S cages had the cleanest nets of all cage types (16% cleaner on average).




3.2. Stable Isotopes


Temporal patterns of d13C and d15N in the tissues of S and F + S sea cucumbers showed changes in diet between these two cage types after each sequential one-month replicate trial (PCA, Figure 5). These differences were significant after three months of sea cucumber integration into salmon culture for both d13C (two-way ANOVA, F1,15 = 7.60, p < 0.01) and d15N (F2,15 = 3.94, p = 0.04). At the three-month time point, F + S (+12.08‰) and S (+11.91‰) sea cucumbers were both enriched in 15N (Tukey Test, p = 0.04) relative to wild-caught reference (+11.14‰) sea cucumbers, and F + S (−18.07‰) individuals were depleted in 13C relative to S (−16.87‰) and wild-caught reference (−17.34‰) sea cucumbers (p < 0.01).





4. Discussion


The present study tested the biofouling control capacity of California sea cucumbers in open net cages with mature Chinook salmon broodstock. Though it appeared that sea cucumbers were feeding on biofouling material in both cage types containing them, sea cucumbers at the present density could not remove enough biofouling to have a significant effect on net cleanliness when adult Chinook were present. This result was surprising given the high biofouling removal levels (58% cleaner with sea cucumbers than without them) reported by Ahlgren (1998) [18] in the only other study to conduct this type of work using deposit-feeding sea cucumber species to directly feed on and remove biofouling from finfish cages. However, there are two key differences between the studies that could explain why the sea cucumbers were less able to control biofouling in the present work. Firstly, Ahlgren (1998) [18] tested biofouling removal in cages with salmon fry whereas we tested it with mature adults. Salmon fry are very small and were likely fed a different diet and feed rate than adults would be, in addition to producing less faeces and less dissolved wastes. The likely difference in available nutrients at the farm sites used by Ahlgren (1998) [18] versus our study could have resulted in increased growth of biofouling when adult fish were present, making it more difficult for the same density of sea cucumbers to clean [33,34]. Additionally, Ahlgren (1998) [18] conducted their study in the late winter/early spring when baseline biofouling levels are typically lower, whereas we conducted our study in late summer, when biofouling levels are at their highest in the Northern Hemisphere [8,35,36]. Taken together, these differences suggest that our density of sea cucumbers (N = 100 per cage) was too low to control biofouling in cages with adult fish in the late summer and that this density should be increased for subsequent studies.



Interestingly, sea cucumbers housed alone (S) in the present study were more efficient at removing biofouling than those housed with fish (F + S) (S cages being on average 16% cleaner than the other cage types). The presence of fish can significantly increase levels of net biofouling [33,34], but sea cucumbers in the S and F + S cages actually exhibited different feeding behaviours that could also explain differences in their vertical net cleaning efficiencies. Individuals in the S and F + S cages had different depth preferences for feeding, with the former feeding at all net depths and the latter only feeding at the bottom of cages (Montgomery, pers. obs.; Figure 6). Sea cucumbers in the F + S cages seemed to feed primarily on waste fish food and faeces that sank to the bottom of the cages, rather than on net biofouling. We observed these partially digested fish pellets and faeces in the guts of F + S sea cucumbers that were not seen in the guts of S individuals. Sea cucumbers in the F + S cages, therefore, did not need to climb the nets in order to access quality food, which led to reduced net cleaning efficiency (Figure 6). However, as stocking densities of sea cucumbers are adjusted, intraspecific competition may encourage better net cleaning in F + S cages if individuals are forced to leave the bottom of the cages to access other food resources.



The observed partitioned feeding behaviour of sea cucumbers in the F + S versus S cages was also supported by the stable isotopes results, which confirmed that sea cucumbers in those two cage types were eating different diets. Interestingly, the isotopic ratios of F + S versus S sea cucumbers shifted after each sequential one-month replicate (Figure 5). After three months of consecutive exposure to salmon culture, S sea cucumbers were more similar to wild-caught individuals, but F + S individuals were distinctly different, showing slight shifts in dietary carbon source and trophic position (higher d15N enrichment; Figure 5). These shifts would correspond with the observation of F + S sea cucumbers feeding on commercial salmon pellets containing organic wheat and fish extracts or their faeces. Previous studies of sea cucumbers cultured on the benthos near finfish cages have also reported shifts in d13C and d15N values corresponding to organic matter transfer from fish wastes to sea cucumber tissues, indicating a potential preference for these food sources by deposit-feeding sea cucumber species [37,38,39]. Though the sea cucumbers in the F + S cages were not efficient at cleaning net biofouling, their preference for salmon waste in the present study does support previous suggestions of using this species as a benthic bioremediatory in IMTA systems with finfish (see [19,40,41]).



Previous IMTA studies of sea cucumbers and finfish have reported additional compositional changes in sea cucumber tissues when they are exposed to fish wastes, including changes in fatty acids [39,42] and amino acids/proteins [38]. Compositional changes can positively or negatively influence taste and market favourability, since fatty acids/amino acids are often the building blocks for volatile compounds such as aldehydes, alcohols, and aromatics when sea cucumber tissues are exposed to various seasoning and processing methods [43]. It will therefore be critical to assess any compositional or nutritional differences in sea cucumbers integrated in salmon culture in order to assess the viability of industry selling such sea cucumbers as a secondary revenue stream.




5. Conclusions


The present study tested the biofouling control capacity of California sea cucumbers in open net cages with mature Chinook salmon broodstock. Results showed that the sea cucumbers actively fed on net biofouling when salmon were absent (~16% cleaner on average than all other net types) but preferred to consume uneaten feed/faeces at the bottom of the cages, neglecting the biofouling, when the fish were present. It is hypothesized that biofouling control in cages with salmon may be possible with an increased density of sea cucumbers. These results will be beneficial for industry to develop standard operating procedures for using California sea cucumbers (or other deposit-feeding sea cucumbers) as a net biofouling control, and they could contribute to the development of a management framework for sea cucumber/salmon integrated multi-tropic aquaculture.
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Figure 1. (A) Map showing Western North America and Vancouver Island, British Columbia (BC), Canada, where the study took place. The dotted white line indicates the border division between Canada and the United States. (B) Chinook salmon farm locations used for the project in Clayoquot Sound, BC. Farm sites are indicated by purple triangles, DP = Dawley Pass, WI = Warne Island. Both farm sites are owned and operated by Creative Salmon Co., Ltd. (Tofino, BC, Canada). The sea cucumber collection site is shown by a yellow triangle. 
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Figure 2. Large floating cage used to house sea cucumbers during regular net cleaning activities. Sea cucumbers were hand caught via SCUBA and transferred into the cage. It was left submerged and was attached in the middle of the cage before net cleaning began, preventing damage and stress to the sea cucumbers. This protocol and the cage design were developed by Creative Salmon Co., Ltd. personnel. 
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Figure 3. Sample of various net percent cleanliness values from actual photographs (left) and edited images (right). Black in the edited images (right) indicates a clear space for water to pass through the net. ImageJ [27] was used for the analysis. 
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Figure 4. Principle component analysis (PCA) comparing patterns of percent net cleanliness values among the four cage types: brown diamond = fish only (F), teal circle = sea cucumbers only (S), yellow triangle = fish and sea cucumbers (F + S), and light blue square = empty cage (E). Ellipses indicate 95% confidence intervals for each cage type. The center of each ellipse is indicated by a larger icon corresponding to each cage type. Dimension 1 (X-axis) was primarily explained by differences in middle-cage cleanliness while Dimension 2 (Y-axis) was primarily explained by differences in bottom-cage cleanliness. 
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Figure 5. Scatter plots of 15N versus 13C stable isotope ratios in tissues of California sea cucumbers at the end of each consecutive one-month replicate trial: teal circle = sea cucumbers only (S), yellow triangle = fish and sea cucumbers (F + S), and black diamond = wild-caught sea cucumbers (October only). Ellipses indicate 95% confidence intervals for each cage type. 
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Figure 6. Typical vertical position (0−15 m) of California sea cucumbers in sea cucumber only (S) and fish and sea cucumber (F + S) cages. Red crosses represent positions that sea cucumbers were not observed in. 
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