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Abstract

:

The ecology of an epibiont may depend not only on the dynamics of its biogenic habitat but also on microclimate variation generated within aggregations of its host, a process called physical ecosystem engineering. This study explored variation in the abundance and demography of Membranipora, a suspension-feeding bryozoan, within forests of giant kelp (Macrocystis pyrifera) off the coast of Santa Barbara, California, USA. First, we assessed differences in Membranipora abundance between the edge and interior of kelp forests. The occurrence of Membranipora on kelp blades and its percent cover on occupied blades were higher along forest edges than interiors. Second, we conducted observational studies and field experiments to understand spatial variation in substrate longevity, colony mortality, larval recruitment, and colony growth rates. A higher density of recruits and colonies occurred along forest edges than interiors, suggesting kelp acts like a sieve, whereby larvae settle to edge blades first. Moreover, growth rates along the edge were up to 45% higher than forest interiors. Reduced current speeds, combined with feeding by exterior colonies, may have lowered the uptake of suspended food particles by interior colonies. These results suggest that variation in Membranipora abundance is due in part to differences in colony growth between forest edges and interiors, and not solely the result of recruitment limitation. Our results highlight the importance of ecosystem engineers in influencing the ecological dynamics of epiphytic flora and fauna in marine systems.
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1. Introduction


Biogenic habitats increase structural complexity and provide numerous other species with refuge from predation and sites for recruitment and growth [1,2,3,4,5,6,7]. The surfaces of many biogenic structures also serve as a substrate for a variety of epibionts, including plants (e.g., lichens, bromeliads, algae) and animals (e.g., polychaetes, bryozoans, hydroids). Because epibionts require physical support, their demography (i.e., colonization and life span) is linked to the availability and dynamics of the living substrate on which they reside [1,8,9]. In addition to the direct provision of habitat, structure-forming taxa may alter ambient environmental conditions and mediate delivery of resources, a phenomenon described as ecosystem engineering (sensu [10]). Ecosystem engineering by host biogenic habitats may have important consequences for the abundance and demography of epibionts [11,12,13], especially in coastal and marine systems [1,14,15].



Ecosystem engineers are likely to have the greatest influence on ambient environmental conditions and associated species when they occur in large aggregations [10,16]. Such is the case with giant kelp (Macrocystis pyrifera), which forms dense underwater forests along many temperate coasts, including the western shores of North and South America, and sections of South Africa, New Zealand, and Australia [2,17,18]. Giant kelp forests provide habitat for hundreds of species of nearshore fishes and invertebrates [19,20,21,22], including epiphytic suspension-feeders that live on kelp blades [1]. In addition to its vital role as a biogenic habitat, giant kelp exerts a strong influence on environmental conditions, by diminishing light levels (reviewed in [2,22]) and modifying water flow [23,24,25,26], which in turn can influence associated species [27,28,29]. Because the ecology of suspension feeders is closely related to the fluid environment in which they live, the dampening effect of kelp on flow may have consequences for the growth and abundance of epibionts that live on kelp and feed on suspended particles [30]. The distribution of epiphytic suspension feeders within kelp forests may also be affected by spatial variation in mortality via predation and substrate longevity. Predators may be distributed in a nonrandom way within kelp forests. Additionally, spatial patterns in nutrient and light availability [31] and the physiological condition of kelp [32] could lead to predictable variation in the loss of kelp blades.



This study is about the distribution and demography of one of the most abundant epibionts in temperate reef systems, the genus of encrusting bryozoan, Membranipora. Understanding the factors that influence this cosmopolitan bryozoan is important. Membranipora can lead to large decreases in the cover of laminarian kelps [33,34,35,36], alter subtial community composition [34,37,38], have both negative and positive effects on its algal host ([39] and references therein), serve as prey for higher trophic levels [1], and provide an important filtering function in nearshore waters [40,41]. Several studies have documented temperature-mediated outbreaks of Membranipora in the North Atlantic, where, as an invasive species, it has led to defoliation of kelps [33,34,35]. A few studies have explored variation in Membranipora growth rates in modified habitats [42,43] and understory kelp [30]. One study looked at spatial variation in the recruitment of Membranipora in giant kelp forests [1]. However, despite the many papers on the interactions between Membranipora and kelps, to our knowledge, none have examined spatial variation in Membranipora growth rates (i.e., clonal reproduction) within aggregations of its most ubiquitous host, giant kelp (Macrocystis pyrifera).



To understand the extent to which the abundance and demography of Membranipora vary within giant kelp forests, we conducted a series of observational studies and field experiments at several sites in Santa Barbara, CA, USA. First, we estimated the occurrence and percent cover of colonies on kelp blades collected from the interior and along the edge of three kelp forests. We then assessed four demographic explanations for the observed spatial patterns: Differences in (1) loss of the attachment substrate (kelp blades), (2) colony mortality on the substrate, (3) larval recruitment, and (4) clonal reproduction (i.e., colony specific growth rate). The results of our study indicate that within-forest differences in Membranipora abundance are in part due to differences in the growth rates of colonies between the edge and interior and not solely the result of recruitment limitation to forest interiors, a pattern observed in previous studies [1]. Our results also indicate some disparity among sites in the magnitude of the difference in Membranipora growth and recruitment between forest edges and interiors. This finding in turn motivated us to explore relationships between structural attributes (e.g., density and size) of kelp forests and Membranipora demography. The results of this study provide insights into the consequences of ecosystem engineering for epibionts in coastal and marine systems.




2. Materials and Methods


2.1. Description of Study Sites and Species


In southern California, species in the genus, Membranipora, form encrusting colonies on blades of the giant kelp, Macrocystis pyrifera. Several studies suggest that Membranipora spp. along the west coast of North America (i.e., M. membranacea, M. villosa, and M. serrilamella) are alternative morphologies of the same species [44,45,46]. We identified specimens in this study as Membranipora serrilamella because of the characteristic crypocyst (inner extension of zooid wall) in our samples ([45] and references therein). However, because the species we studied may be functionally indistinct from those described as Membranipora membranacea and Membranipora villosa, we refer to it in this paper as simply Membranipora. Like all bryozoans, Membranipora is a suspension-feeder that relies on water flow to deliver food particles (e.g., phytoplankton). Colonies consist of semi-autonomous units (zooids) that are capable of feeding and reproducing. Clonal reproduction results in the addition of new zooids via budding and increases in colony area. Zooids are also simultaneous hermaphrodites, and following internal self- or crossed-fertilization (from sister zooids or nearby colonies [47]), they broadcast zygotes, which develop into feeding larvae that spend 2 to 4 weeks in offshore waters [44].



Giant kelp individuals (hereafter referred to as plants) consist of vine-like fronds (often totaling more than 100) that extend from a common holdfast vertically through the water column and form a canopy at the ocean surface. The density of fronds and plants can vary dramatically between kelp forests, as can forest extent [48,49,50]. Along the kelp fronds, hundreds of thin, wide blades provide the primary substrate for epibionts, such as Membranipora. Longevity of blades is a few months at most, as the fronds from which they extend generally live for 1 to 4 months [51,52].



This study was conducted at three sites off the coast of Santa Barbara, California, USA: Arroyo Quemado (AQUE, 34° 27.897′ N, 120° 07.179′ W), Mohawk (MOHK, 34° 23.639′ N, 119° 43.750′ W), and Carpinteria (CARP, 34° 23.409′ N, 119° 32.394′ W). We chose to work at these sites because the Santa Barbara Coastal Long-term Ecological Research Project (SBC LTER) surveys the kelp annually, providing us with additional information about the extent and dynamics of the forests [48,49,50]. The kelp forests occur at a 3 to 12 m depth on low relief bedrock reefs whose dimensions range from about 300 m (Mohawk) to 1500 m (Arroyo Quemado) to 2000 m (Carpinteria) in length (alongshore dimension) and approximately 200 to 400 m in width (cross-shore dimension). We worked in the interior and along the edge of the three forests. The interior locations were in approximately the center of the forests, surrounded by kelp, and ≥100 m from the edge locations. The edge locations were alongshore on the “upstream” side of the three forests, such that the prevailing current tended to encounter the edge locations first.




2.2. Distribution and Abundance of Membranipora in Kelp Forests


To understand the spatial variation in the distribution of Membranipora, we assessed the abundance of the encrusting bryozoan on kelp blades collected from the interior and edge of the three forests in August 2007. Fifty blades were collected haphazardly over a distance of approximately 40 m within the interior and along the edge of each forest (for a total of 300 blades). Blades were collected from the mid-water portion of kelp plants at depths of 3 to 6 m from the surface. Because the population size of encrusting bryozoans results from two distinct processes (larval recruitment and clonal reproduction), we used two metrics to assess abundance: (1) Occurrence of one or more Membranipora colonies on each kelp blade and (2) the percent cover of Membranipora on occupied blades. Percent cover was determined at 50 uniformly distributed points in a 10 cm × 5 cm quadrat placed in the center of each blade.



To examine the influence of location within the forest (i.e., edge vs. interior) on Membranipora distribution and abundance, we used generalized linear mixed-effects models. Using mixed-effects models allowed us to focus our inference on the influence of location within a forest. We included site as a predictor and took into account variation in the effects of edge vs. interior between sites. We constructed models for both response variables (occurrence of colonies on a blade and percent cover on occupied blades). We fitted three models with (1) a random intercept for site, (2) a random intercept for site and the fixed effect of location within the forest, and (3) a random intercept for site, the fixed effect of location within the forest, and a random slope for site. We fit all models using the lme4 package in the R program [53,54]. Because the response variables were binary (occurrence) and percent cover data, we used a logit link with family set to binomial distribution. We selected the best-fit random effects structure for each model using Akaike’s information criterion [55], fitting models with restricted maximum likelihood and keeping the fixed effects constant across models [56]. We also tested for significance in the best-fit mixed-effects model using likelihood ratio (LR) tests. The LR tests were implemented in R by comparing full and reduced models as recommended by [57].




2.3. Colony and Blade Mortality Within a Kelp Forest


Differences in Membranipora abundance within a kelp forest may result from differences in the longevity of kelp blades [51,52] or colony mortality on surviving blades. To investigate spatial variation in these two sources of mortality, we tagged 80 kelp blades on five plants along the edge and within the interior of the forest at CARP on 8 August 2006. One colony on each blade was tagged with two small holes (~1 cm) punched on either side of the colony. After 12 days, we measured blade mortality as the fraction of kelp blades that were lost from the interior and edge locations. Colony mortality was estimated on surviving kelp blades. Tagged colonies were found either almost entirely intact or had completely disappeared from the blade so the status (dead or alive) was easily distinguished. Separate two-way contingency table analyses on the frequency of lost blades and colonies were used to test for within-forest differences in colony and blade mortality.




2.4. Larval Recruitment in Kelp Forests


Spatial variation in Membranipora abundance may also result from differences in larval recruitment. To determine whether larval recruitment varies between the interior and edge of kelp forests, we counted and measured colonies on the 300 kelp blades collected in August 2007 (see above). Three metrics were used to assess spatial variation in larval recruitment: (1) Occurrence of one or more recruits on a kelp blade, (2) density of recruits on recruit-occupied blades, and (3) density of all colonies irrespective of size or age. The first two metrics represented “snap shots” of larval recruitment, in comparison to the third, which represented a “time integrated” measure of the minimum level of recruitment that occurred over the life span of the kelp blade, as each colony originated from a different larva. Density also incorporated colony mortality between the time of initial recruitment and the sampling date. Our primary interest for this study was the relative difference between blades along the edge versus inside rather than the overall magnitude of the colony density.



For each blade, we measured the diameter (i.e., longest length) of the 10 colonies proximal to the kelp nematocyst and used these diameters to estimate colony area. Recruits were identified as colonies <12 mm2 in size, and were <2 weeks old, according to [44]. We determined variation in the colony density by counting all colonies on each of the 300 kelp blades and measuring the area of each blade (assuming an elliptical shape). Colony density was calculated using only blades occupied by ≥1 colony of any size or age (MOHK N = 82, AQUE N = 73, CARP N = 44). We estimated the density of recruits on recruit-occupied blades as the product of colony density and the fraction of the 10 proximal colonies on each blade that were recruits.



Like the previous analyses, we used generalized linear mixed effects models. We took into account variation in the effect of within-forest location (edge vs. interior) between sites. We constructed models for the three response variables (occurrence of recruits on blades, density of recruits, and density of all colonies). We fitted three models in R with a random intercept for site (models 1, 2, and 3), random slope for site (model 3), and the effect of location within the forest (models 2 and 3). For the binary data (recruit occurrence), we used a logit link with family set to binomial distribution. For the other two response variables (recruit and colony density), we log transformed densities and used an identity link and the Gaussian family. See Section 2.2. Distribution and abundance of Membranipora in Kelp Forests for a complete description of the mixed effects models and analysis.




2.5. Clonal Reproduction in Kelp Forests


Variation in Membranipora abundance may be due to differences in clonal reproduction (i.e., colony growth) via budding of new zooids. To explore differences in colony growth rates between the edge and interiors of kelp forests, we conducted an observational study and a transplant experiment. The purpose of the observational study was to ask whether growth rates of naturally occurring colonies differed between the edge and interior of a kelp forest. Increases in the area (estimated by measuring the length of the longest diameter) of 80 tagged colonies located on the edge and inside of the forest at CARP were assessed on four dates in August 2006 (8, 10, 14, and 22 August). The shape of the relationship between the colony area and time indicated exponential clonal reproduction (i.e., exponential colony growth [58]). The specific colony growth rate (d−1) was calculated as ln(N/N0)/T, with N = colony area on the final sampling date, N0 = initial area, and T = time (days). The mean rate of clonal reproduction was calculated on a per plant basis using the colonies on surviving blades (N = 28 on 5 inside plants, N = 25 on 5 edge plants). The influence of location within the forest on growth (or clonal reproduction) was tested using one-way ANOVA. The data met the assumptions of normality and homogeneity of variances.



Results from the observational study motivated a transplant experiment in August 2007 to determine if location within the forest influenced clonal reproduction. At each site, we collected 120 kelp blades occupied by young colonies from throughout the forest. We transplanted 60 blades to two experimental fronds within the interior of the forest and 60 blades to two experimental fronds along the edge of each forest. One colony (4 to 10 mm diameter) was measured on each kelp blade and then marked using holes punched in the kelp blade (see [40] for a description of experimental fronds and transplant methods).



Colonies on transplanted blades were allowed to reproduce clonally for approximately 1 week (AQUE = 8, MOHK = 5, and CARP = 7 days). On the last day of the experiment, we measured the longest diameter of the colony and estimated the colony specific growth rate (d−1) as described above. To examine the influence of location within the forest (i.e., edge vs. interior) on the growth rate, we used linear mixed-effects models. As in the previous analyses, using mixed-effects models allowed us to focus our inference on the influence of location within a forest. We included site as a predictor and took into account variation in the effects of edge vs. interior between sites. We fitted three models with (1) a random intercept for site, (2) a random intercept for site and the fixed effect of location within the forest, and (3) a random intercept for site, the fixed effect of location within the forest, and a random slope for site. We fit all models using the lme4 package in the R program [53,54]. The data met the assumptions of normality and homogeneity of variance. See Section 2.2. Distribution and abundance of Membranipora in Kelp Forests for a complete description of the mixed effects models and analysis.




2.6. Relationships Between Kelp Forest Structure and Membranipora Demography


Lastly, we used log-linear regression to explore whether differences in the rates of larval recruitment and clonal reproduction between the interior and the edge of kelp forests were related to two structural attributes of forests: Frond density and forest size. We used data on the density of all plants and fronds in permanent transects (40 m × 2 m) at each site (MOHK = 2, AQUE = 6, CARP = 6) during July 2007 [21,48,49]. The area of each kelp forest was quantified in April 2007 (and also for CARP in 2006) using high spatial resolution, multi-spectral imagery of the surface canopy of giant kelp from the Satellite Pour l’Observation de la Terre (SPOT) 5 sensor [50]. We also used data on colony density and growth rates from this study, on colony density from [1], and on forest size from [59]. We estimated forest size as plant abundance, and kelp density as the number of fronds per m−2. The response variables were the differences in clonal reproduction (colony specific growth rate) and recruitment (colony density) between the edge and interior of the kelp forests.





3. Results


3.1. Distribution and Abundance of Membranipora in Kelp Forests


The abundance of Membranipora was consistently greater along the edge of kelp forests than the interior. Out of the 300 blades collected, Membranipora occurred on 135 blades from the edge and 64 blades from the interior of the three forests. The median percent cover of Membranipora on occupied blades from the edge of the forests was 20 times that of the interior (10 vs. 0.5). In addition, the difference between the edge and interior abundance varied by site, for both metrics. The model selection procedure showed that the data for occurrence and percent cover were best explained by models with a random intercept for site, random slope for site, and location within the forest as a fixed effect (Table S1). The difference between the edge and interior in the occurrence and percent cover were generally the greatest for CARP and lowest for MOHK (Figure 1a,b). After accounting for the significance of random differences among sites, the fixed effects part of the final model indicates that the occurrence and percent cover of Membranipora were significantly greater along the edge versus the interior of the kelp forests (Table S2).




3.2. Colony and Blade Mortality Within a Kelp Forest


Loss of blades from along the edge of the forest at CARP was nearly twice that of the interior (11 versus 6 lost out of 40), but not significantly different (Pearson χ2 = 1.9, df = 1, p > 0.2) during the 12 day duration of our study. This finding is a conservative measure of the potential for substrate longevity to explain within-forest variation in Membranipora abundance because it would tend to reduce spatial differences (i.e., greater loss along the edge where the observed abundance was higher). Similarly, colony loss on surviving blades (3 of 29 on edge; 5 of 34 inside) was not influenced by location within the forest at CARP (Pearson χ2 = 0.3, df = 1, p > 0.6).




3.3. Larval Recruitment in Kelp Forests


Patterns of larval recruitment varied within forests and among sites. Occurrence of Membranipora recruits on kelp blades was no better explained by a model including a random intercept for site and the effect of location within the forest than a model with a random intercept for site only (Table S3). The greatest number of recruit occupied blades occurred at MOHK (68), followed by AQUE (61), and CARP (11, Figure 2a). This result suggests that the presence of recruits is less influenced by location within the forest and more affected by site-to-site variation in the availability of Membranipora larvae.



The density of recruits on recruit-occupied blades was better explained by a model including a random intercept for site and the effect of location within the forest than one including only a random intercept for site (Table S3). We did not test a model including the random slope for site as there were no recruit-occupied blades in the interior of CARP (Figure 2a). After accounting for random differences in recruit density between sites, the analysis of fixed effects in the final model indicates the density of recruits was significantly higher along the edge than the interior of kelp forests (Table S4; Figure 2b).



Lastly, for colony density, a model including a random intercept for site, random slope for site, and effect of location within the forest was superior to the two more parsimonious models (Table S3). The median colony density was consistently higher along the edge of the forests (ranging from 0.05 to 0.1) than in the interiors (ranging from 0.01 to 0.03). However, we were not able to assess the significance of location within the forest for the most complicated model, as it would not converge due to a low sample size (there were only two blades occupied by colonies within the interior of the forest at CARP (Figure 1a)). According to model 2, the next best performing model (Table S3), a significantly higher density of colonies occurred along the edge of the forests than the interior (Table S4, Figure 2c).




3.4. Clonal Reproduction in Kelp Forests


Clonal reproduction was higher along the edge than the interior of kelp forests. After two weeks, tagged colonies along the edge of the forest at CARP grew to a size that was nearly five times greater than that of interior colonies (Figure 3a). Their rate of clonal reproduction (2.5 d−1) was more than 20% greater (log difference) than that of interior ones (2.0 d−1; t = 2.7, df = 8, p < 0.03). The average rate of clonal reproduction of transplanted colonies to MOHK, CARP, and AQUE was also greater along forest edges than the interiors (Figure 3b). A model including the fixed effect of location within the forest (i.e., edge versus interior), a random intercept for site, and a random slope for site (model 3) was far superior to a model including just a random intercept for site (model 1, Table S5). However, because the more complex model was only marginally superior to model 2 (fixed effect of edge vs. interior and a random intercept for site, Table S5) and the most complex model resulted in correlation estimates of nearly −1 (which can lead to singularity issues), we decided to report significance for model 2 (Table S6). Furthermore, significant results for edge vs. inside of the forest were qualitatively the same for model 3 as model 2. According to model 2, colonies along the edge of the forests had higher growth rates than those within the interior, after taking into account variation in the random variables (Table S6, Figure 3b).




3.5. Relationships Between Kelp Forest Structure and Membranipora Demography


Differences between the edge and interior of kelp forests in colony density were higher in larger forests. The relationship between relative colony density and forest size (area x plant density) is decelerating (Figure 4a; y = −0.7 + 0.2ln(x); F1,4 = 56.4, p < 0.005) and maintains approximately the same quantitative shape even when the largest forest was removed from the analysis (Figure 4a inset; y = –1.2 + 0.2ln(x); F1,3 = 347, p < 0.003). Relative differences in colony density between the interior and edge were also related to forest area and the decelerating relationship was qualitatively similar (y = –2.1 + 0.3ln(x); F1,4 = 71.4, p < 0.004). Differences between the edge and interior of kelp forests in clonal reproduction increased with the density of fronds, rather than forest size. The relationship also appears to be decelerating (Figure 4b; y = –0.02 + 2.0ln(x); F1,3 = 20.0, p < 0.05). However, its shape should be interpreted with caution given the limited number of data points (N = 4).





4. Discussion


Most studies of the relationships between Membranipora and kelps have examined the negative effects of this epiphytic bryozoan on its host [33,34,35,37,38,39], but see [60,61]. We focused instead on variation in bryozoan abundance and demography within aggregations of giant kelp. Our goal was to understand how forests not only provide Membranipora with a substrate but also influence its recruitment and growth. We found that the occurrence and percent cover of Membranipora differed between the edge and interior of kelp forests and that the within forest disparity among these metrics varied with site. We did not find evidence that within forest differences in the abundance of Membranipora could be explained by variation in colony mortality or substrate longevity. Instead, we found that recruitment and clonal reproduction differed between the edge and interior of kelp forests. Reduced growth rates of Membranipora within kelp forests suggest an inhibitory effect of giant kelp on this encrusting bryozoan that has not been documented before.



Our finding of a higher density of recruits along forest edges (Figure 2b,c) agrees with previous research on Membranipora and giant kelp [1], as well as recruitment patterns of other invertebrate taxa within aggregations of macrophytes (e.g., seagrass and bivalves [62]). Within- and among-forest differences in colony and recruit density suggest that kelp acts as a sieve, whereby larvae returning to the forest from offshore settle out onto edge blades first [1]. This process results in a lower concentration of larvae in the waters flushed to the interior of the forest and the potential for higher interior densities of colonies at smaller forests with less available space for colonization. The sieve effect of kelp is one possible explanation for the relationship between forest size (i.e., availability of substrate for recruitment) and differences in recruitment to the edge and inside of forests in Southern California that emerged when we combined our results with data from [1,59] (Figure 4a). Our results suggest that as forest size increases, differences in colony density between the edge and inside appear to increase before saturating at large forest sizes. Variation in the larval supply [44] may explain our result that a model with site alone performed better at estimating variation in the occurrence of Membranipora on kelp blades than a model including location within the forest.



In addition to recruitment, our results show that spatial variation in Membranipora abundance within forests is also the result of large differences in colony specific growth rates. Colonies that occurred along forest edges were three to more than four times the size of those in the interior after 6 days and two weeks of measurement, respectively. Colonies transplanted to the edge of forests grew at rates 15% to 45% faster than interior colonies. The specific growth rates we observed are within the same magnitude of those observed in the field in previous studies [40,63,64]. However, the patterns in relation to giant kelp are in contrast to [30], which found no consistent differences in the growth of Membranipora colonies located in and around forests of understory kelp (see below). The wealth of papers examining variation in growth rates of invertebrates between the edge and interior of seagrass meadows suggests a variety of potential mechanisms that may underlie variation in the growth rates of suspension-feeders within other biogenic habitats, such as kelp. These mechanisms include dampened flows and the interaction between flow speed and predation (reviewed in [3,7,65]).



The well-documented dampening effect of Macrocystis pyrifera on water flow [23,24,25,26] may affect a wide variety of forest residents, including bryozoans. Yet, to our knowledge, few studies have explored the potential influence of kelp-dampened flows on planktivores in giant kelp forests [27,29]. This is surprising given the importance of flow for rocky subtidal communities (reviewed in [66]) and in stark contrast to the wealth of studies exploring flow-mediated effects of seagrasses on associated fauna (reviewed in [65]). Our observations of reduced clonal reproduction in forest interiors likely resulted from limited food resources. The availability of particles for sessile suspension-feeders depends on both their population density and rates of particle delivery [67]. High densities of suspension feeders can deplete food levels [68,69], while high ambient current speeds counteract depletion by increasing the flux of food particles available to Membranipora [40,64,67]. Reduced rates of colony growth within forests, compared to along the edge, suggest that kelp-dampened interior flows may have been insufficient to fully compensate for a reduction in suspended food. Among site variation in differences in growth rates between edge and interior colonies may be the result of differences in forest density (Figure 4b), as current speeds are expected to decay more rapidly over shorter distances in denser forests [23].



Unfortunately, we were unable to directly test the hypothesis that kelp-dampened interior flows were insufficient to replenish suspended food particles necessary for growth. However, continuous data on water flow from the interior and edge of MOHK during the transplant experiment do reveal insights into the potential mechanisms that may underlie the difference in growth rates that we observed (Appendix A, Figure 5). The distribution of current speeds along the edge of the MOHK forest was significantly different from the distribution of current speeds within the interior of the forest (Figure 5a vs. Figure 5b; Kolmogorov–Smirnov two sample test: D = 0.636, df = 1, p < 0.0001). Inspection of the data indicate that a far higher frequency of slow flows occurred within the interior of the forest than along the edge, where the current speeds were more variable and generally faster. A greater frequency of optimal flow speeds for feeding and growth occurred along the edge of the forest at MOHK (Figure 5 this paper and Figure 1 in [40]). These data suggest that a reduction in the delivery of particles to interior colonies due to dampened currents by giant kelp and feeding by exterior colonies may have resulted in reduced growth rates of inside colonies relative to edge colonies.



Our results imply that forest edges are superior for clonal reproduction compared to the interior of the forest, but this may not always be the case. For instance, extremely fast speeds—which have been shown to negatively affect the feeding structures of encrusting bryozoans by causing hydrodynamic drag [40,64,70]—are more likely to occur along the edge of a kelp forest (Figure 5; [23,24]). Consequently, at times or locations with fast water flow, the dampening effect of kelp may facilitate, rather than inhibit, Membranipora feeding success and clonal reproduction. This may have led to the inconsistent influence of the forest edge versus interior on Membranipora growth observed by [30]. In their study, a positive effect of kelp on clonal reproduction occurred at a site with ambient current speeds that would have inhibited Membranipora feeding (24 cm s−1) and a negative effect of kelp occurred where ambient speeds (16 cm s−1) would have been ideal [30,40,70]. The general pattern that organisms exhibit positive associations in stressful conditions and negative interactions in more benign conditions [5,6,71] may hold true for ecosystem engineers and their epibionts in ocean forests as well as on land [11,12,13].



Inferring mechanisms for the patterns in the growth rates found in our study is limited by only having corresponding flow data for the interior and edge of the forest at one site. Our analyses of the relationship between kelp density and abundance and Membranipora growth and recruitment, respectively, were also limited by the small number of sites at which we worked. Future work could assess growth along forest edges and interiors at more sites with simultaneous collection of data on current speeds. Other areas of inquiry include potential differences in Membranipora abundance and demography between offshore and nearshore edges of a forest, which differ in flow regime [24] and kelp physiological condition [32], and variation within the interior, which could depend on forest patchiness and configuration [50]. In addition, future work could begin earlier in the summer and track Membranipora growth over the multiple month life span of kelp blades [52]. Finally, it would be interesting to explore interannual variability in growth rates of Membranipora within the interior and along the edge of forests, as giant kelp forests are highly dynamic [59,72] and Membranipora is a perennial species with fast growth rates. Whereas for terrestrial forests, it could take decades to understand temporal relationships between ecosystem engineers and epiphytes, in kelp forests, change happens so quickly that consequences of the kelp forest structure for associated species assemblages can emerge over several years [21,22,28,49].



The results of this study demonstrate differences in Membranipora abundance between the edge and interior of giant kelp forests, an important ecosystem engineer in temperate waters. Our findings suggest that these differences are driven not only by a lower recruitment to forest interiors but also by lower colony specific growth rates. Lowered growth rates within forest interiors may be the result of a reduced delivery of food due to feeding by exterior colonies and dampened and diverted flow caused by the ecosystem engineering of giant kelp. Furthermore, we found relationships between structural attributes of kelp and Membranipora demography. Such nonlinear relationships between structure-forming organisms and associated species occur in other systems and can be important for ocean management [73]. Differences in recruitment between the edge and inside of forests appear to be greater in larger forests and differences in growth are greater in denser forests. Together these results highlight the importance of ecosystem engineers in influencing the ecological dynamics of epibionts in marine systems. Flow-mediated relationships between giant kelp and epiphytic suspension-feeders also likely extend to other marine organisms whose growth rates depend on current regimes. These relationships could have implications for the role that suspension feeders in kelp forests play in filtering nearshore waters.
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Appendix A


Current speeds inside and along the edge of the forest at MOHK were measured during the August 2007 transplant experiment using bottom-mounted Acoustic Doppler Current Profilers (ADCPs; 600 and 1200 kHz, RD Instruments). These collected a 1 to 4 min burst of 1 Hz velocity data every 2 to 8 min in 0.5 m vertical bins. Data from all three axes were used to calculate current speed so that the mean speed was independent of the direction of flow. The raw time series were smoothed temporally by block-averaging over 15 min segments and the mean current speed was calculated for each 30 min period. Data from depths of 4 to 6 m were averaged so that each flow datum represented the speed for the vertical location where the Membranipora colonies were transplanted.
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Figure 1. (a) Occurrence of Membranipora on kelp blades and (b) percent cover of Membranipora on occupied blades. Grey bars indicate edge locations and black bars indicate interior locations at the three sites. Box plots show the median (central line), 25th and 75th percentiles (bottom and top of bars), and 5th and 95th percentiles (whiskers). 
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Figure 2. (a) Occurrence of Membranipora recruits on kelp blades, (b) density of Membranipora recruits on occupied blades, and (c) density of all Membranipora colonies on kelp blades. Grey bars indicate edge locations and black bars indicate interior locations at the three sites. Box plots show the median (central line), 25th and 75th percentiles (bottom and top of bars), and 5th and 95th percentiles (whiskers). 
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Figure 3. Clonal reproduction (measured as colony specific growth rate, d−1) of Membranipora within and among kelp forests. (a) The area of colonies on naturally occurring kelp blades in the interior and along the edge of CARP during August 2006 (mean ± SE). (b) The average colony specific growth rates (mean ± SE) for colonies transplanted to the interior (black bars) and along the edge (grey bars) of each forest (MOHK interior (N = 60), MOHK edge (N = 59), AQUE interior (N = 55), AQUE edge (N = 58), CARP interior (N = 52), and CARP edge (N = 53)). 
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Figure 4. Relative difference between the forest edge and interior in (a) colony density (i.e., a time integrated measure of larval recruitment) with respect to forest size, and (b) clonal reproduction in relation to frond density. Closed circles are experimental data from the three forests in Santa Barbara in 2007 (this study), open circles are data from the forests in San Diego (Bernstein and Jung 1979, Dayton 1984), and the triangle is the observational data from CARP in 2006 (this study). The inset in (a) includes the same data without the largest forest. 
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Figure 5. Current speeds occurring in the (a) interior and (b) along the edge of the kelp forest at MOHK during the growth experiment. Data are a frequency of 30 min periods in which the current speed was 0 to 35 cm s−1 (N = 242 periods). Insufficient, optimal, and inhibition labels are based on Figure 1 in Arkema 2009. 
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