11
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RECOVERY IN INTERTIDAL SURGE CHANNEL COMMUNITIES
Alissa J. Rickborn1, Bruce A. Menge1, and Sarah A. Gravem1
1

Department of Integrative Biology, Oregon State University, Corvallis, OR, USA

12
Abstract
Oceanographic processes and geographical features are important in driving rocky
intertidal community structure at the cape and site scales in the California current large
marine ecosystem. Most such research has focused on the macrophytes and invertebrates
that occupy two-dimensional, readily studied rock surfaces. However, most rocky shores
have a “third” dimension, e.g., channels, cracks, crevices and overhangs, whose
organismal assemblages (here termed “cryptic communities”) are poorly studied.
Organisms occupying these habitats can include many of those on more accessible
surfaces, but also include many species of colonial invertebrates such as tunicates,
sponges, bryozoans, and hydrozoans. Here, we investigated the structure (species
abundance and diversity) of these systems on the Oregon coast, and tested their ability to
recover from disturbance. To evaluate how structure and dynamics varied in space and
time, and in relation to environmental differences, the study was carried out at contrasting
sites, and included quantification of microhabitat variables, emersion and solar
irradiation. We quantified changes in community structure, diversity, and recovery after
disturbance (removal plots, n=10) compared to undisturbed controls (n=15) for 470 days
at two sites along the Oregon coast. The sites differed in their local and regional drivers,
with Strawberry Hill (SH) having inputs of ecological subsidies (invertebrate recruitment,
phytoplankton) and Fogarty Creek (FC) having lower subsidy inputs. We found that site
explained 92% of the variance in community structure of undisturbed plots. Further,
recovery rates after disturbance were faster with higher subsidy inputs (i.e., at SH),
suggesting that larger-scale processes were strong drivers of community structure.

13
Contrary to expectations, emersion and solar irradiation explained only 1.2% of variation
in community structure of undisturbed plots, and these did not promote or hinder the
recovery of disturbed plots. Our research provides a novel description of intertidal surge
channel communities and suggests that, in these communities, large-scale environmental
patterns are drivers of community processes, and that microhabitat features are less
important.
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Introduction
Patterns of community composition and species diversity vary across a continuum
of nested spatial scales (Heffernan et al., 2014; Logue et al., 2011; Menge and Menge,
2013; Menge et al., 2015). In marine ecosystems, large-scale regional processes such as
persistent oceanographic features (e.g. upwelling) have been shown to drive patterns of
species composition and diversity (Menge et al., 2015). On smaller scales, species
interactions and environmental factors such as wave exposure, can further modify
regional patterns (Lewis 1964, Dayton 1971, Menge 1976, Branch 1981, Menge et al.
1994, Menge and Branch 2001, Burrows et al., 2008; Harley and Helmuth, 2003b). The
idea that community structure is simultaneously dependent on regional and local
processes is collectively referred to as multiscale meta-ecosystem theory. This framework
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postulates that ecosystems are connected by the movement of ecological subsidies (e.g.
propagules, nutrients, and energy), and that both local and regional factors can be
important determinants of community structure (Logue et al., 2011; Loreau et al., 2003).
Consistent with this idea, previous research has shown that the relative strength of
regional (100 km) and local-scale (1km) processes is important in understanding patterns
and processes maintaining community structure (Hillebrand et al., 2008; Menge and
Menge, 2013; Menge et al., 2015). For example, processes within the California Current
Large Marine Ecosystem (CCLME) are organized hierarchically. Large-scale inputs such
as phytoplankton, nutrients, and upwelling patterns seem to dominate at the regional or
cape scale (>100 km), while local-scale ecological processes, like predation intensity,
may be more important at individual sites (<1 km). Menge et al. (2015) investigated the
relative inputs of regional (environmental conditions, subsidies, cape) and local
(temperature, site) factors on the community composition of 13 intertidal sites nested
within 4 capes in the CCLME. They found that regional and local processes explain
52.1% and 26.8% of variation in community structure at cape and site scales,
respectively. In general, sites with higher inputs of ecological subsidies were associated
with sessile and mobile invertebrate dominance, while sites with lower subsidy inputs
were characterized by macrophyte dominance.
Although studies have examined the effect of regional and local processes on
community structure among and within regions (at the >100km scale), few have
examined if these effects are reflected among habitat types within a site, say at scales
<10m. Marine ecosystems are unique in that they are characterized by sharp
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environmental and ecological gradients that result in unique sub-habitat types (Harley
and Helmuth, 2003b; Helmuth et al., 2006). In CCLME rocky intertidal ecosystems,
desiccation, wave stress, and predation by the keystone predator Pisaster ochraceous
results in clearly defined ecological zones that are characterized by different ecological
communities. The high zone is dominated by barnacles and heat tolerant species, the mid
zone is characterized by mussel dominance, and the low zone is typically characterized
by macrophyte dominance (Paine, 1969). If regional and local processes are important in
explaining variation in community structure, then general site patterns (e.g. invertebrate
vs. macrophyte dominance) should also extend across habitat types within a site,
especially between adjacent habitats that share species and experience similar
environmental conditions (Loreau et al., 2003; Menge and Menge, 2013; Menge et al.,
2015).
Although rock surfaces are two-dimensional, most rocky shores have a “third”
dimension, e.g., channels, cracks, crevices and overhangs, whose organismal assemblages
(here termed “cryptic communities”) are poorly studied. Organisms occupying these
habitats can include many of those on more accessible surfaces, but also include many
species of colonial invertebrates such as tunicates, sponges, bryozoans, and hydrozoans.
Cryptic surge channel communities (CSCCs) typically are located adjacent to low zone
communities (Fig. 1). Thus, if site-level processes predict community variation across
habitat types then we would expect community composition in cryptic habitats to vary in
ways similar to those in adjacent low zones. For example, if a site is characterized by low
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zone macrophyte dominance then we might expect the same trend across habitat types
(Menge et al. 2015).
Despite their proximity to the low zone, CSCC may experience a different suite of
environmental conditions. Surge channels are characterized by vertical and overhung
surfaces, high water flow, and low light exposure (Fig. 2.1). In other ecosystems, like
coral reefs, these conditions result in a unique suite of species, usually comprised of
encrusting cryptobionts (sensu Kolbluk 1988) such as sponges, colonial tunicates,
cheilostome bryozoans, and turf or encrusting algae (Jackson and Winston, 1982;
Kobluk, 1988; Menge et al., 1983). Therefore, it is important to understand if established
site level patterns can also be used to characterize CSCCs, or if CSCC habitat features
override the patterns observed within a site. Although rocky intertidal habitats in the
CCLME have been extensively studied, surge channel communities remain understudied,
likely due to their inaccessibility and conditions that are unaccommodating for the
installation of equipment and experiments. In this paper, we investigated if established
site-level patterns reflect community structure of CSCCs at two different rocky intertidal
sites along the Oregon Coast.
In this paper, we investigated the relative contribution of site level patterns (at the
scale of <1 km) and habitat features (at the scale of <10 m) on the community structure of
CSCCs at FC and SH. Based on the previous research reviewed above, we will use site
as a proxy for large-scale environmental patterns (e.g., productivity) and ecological
processes (e.g., recruitment). Comparing the cryptic communities at these two sites
allows us to determine if general site-wide patterns in community structure and recovery
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are reflected in cryptic communities, or if surge channel microhabitat conditions override
general site patterns. This is important because it will allow us to infer if cryptic
communities, like other intertidal communities, are linked to large-scale environmental
processes (e.g. productivity and recruitment). If they are, then this study could aid in
forming predictions about cryptic communities as large-scale environmental factors shift
with climate change (Bakun, 1990; IPCC, 2014; Vinueza et al., 2014). To do this we will
quantify site and microhabitat environmental features and describe patterns in community
structure and recovery after disturbance over a 1.5-year period.
Given the need to describe these communities, we investigated four main research
questions and hypotheses:
(Q1) Are established local processes reflected in undisturbed surge channel
communities? (H01) The community structure of surge channel communities is not related
to the community structure patterns at the site level. (HA1) The community structure of
surge channel communities reflects community structure patterns at the site level. For
example, we expect that the community at SH will have a larger diversity and abundance
of sessile invertebrates, while FC will have a higher abundance of algae, because this is
the pattern found in the low zone and mid zone? habitat types at these sites (Menge et al.
2015).
(Q2) How do microhabitat factors influence undisturbed surge channel
community structure? (H02) There is no relationship between microhabitat environmental
factors and community structure or recovery after disturbance. (HA2) Like other habitat
types, microhabitat environmental factors will be important in predicting community.
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Specifically, we hypothesize that the estimated emersion time (amount of time out of the
water) and solar irradiation will be important predictors; emersion and solar irradiation
are related to desiccation and heat stress, which have been shown to be critical factors in
structuring intertidal communities and ecological processes (Harley and Helmuth 2003;
Helmuth et al. 2006). Furthermore, photosynthezisers like algae and sea anemones, may
benefit from increased irradiance (Viejo, 2009).
(Q3) Are established local processes reflected in rates and patterns of recovery
after disturbance? (H03) Recovery rates are not predicted by recovery rates at the same
site. (HA3) Similar to community structure, recovery rates are faster when large-scale
processes such as productivity and recruitment are higher (Menge et al. 2007, 2015;
Menge and Menge 2013). Thus, we predict that experimentally cleared plots at SH will
recover to initial state faster than those at FC.
(Q4) How do microhabitat factors influence rates and patterns of surge channel
community recovery after disturbance? (H04) There is no relationship between
microhabitat environmental factors and rates or patterns of recovery. (HA4) We
hypothesize as emersion and solar irradiation increase, rates of recovery will decrease
(Bertness et al., 2006; Brewer et al., 1997; Crain et al., 2008; Schiel, 2006).
To answer these research questions and test our hypotheses we had four specific
objectives at FC and SH: (1) Quantify patterns of cryptic community structure,
specifically taxon diversity, abundance, and composition over time; (2) Qualitatively
compare general site patterns to cryptic community structure; (3) Quantify patterns of
recovery after disturbance; (4) Quantify the relationship between abiotic variables
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(emersion and solar irradiation) and patterns of community structure and recovery.
Overall, we believe that this study will enhance our understanding of cryptic
communities and help us further our understanding of how environmental factors are
related to community structure and recovery rate across habitat types.

Methods
Study sites
For this study, we chose two long term research intertidal sites on the Oregon
coast that possess accessible surge channels: Fogarty Creek (FC) (44.83748 “N,
124.05922 “W), which is located on Cape Foulweather and Strawberry Hill (SH)
(44.24994“N, 124.11538“W), located on Cape Perpetua. These sites were selected
because previous research has shown that FC and SH have different ecological
communities, recruitment and recovery rates in the low zone communities ta each site
(Table 2.1). Previous research has shown that these patterns are related to site-scale
topographical characteristics (i.e., shelf width), and environmental processes (i.e.
upwelling, water pH, nutrients, productivity) that vary on a cape-to-cape scale (Menge
and Menge 2013; Menge et al. 2015). In general, Cape Perpetua is a rocky headland that
lies adjacent to a wide offshore shelf (Table 2.1). This topographic feature promotes the
retention of larvae and phytoplankton, resulting in high invertebrate abundance and high
recruitment rates (of barnacles and mussels) at sites within the cape, including SH. In
comparison, Cape Foulweather has a narrower shelf, and comparatively low invertebrate
abundance, lower rates of invertebrate recruitment, and high macrophyte abundance at
sites within the cape, including FC (Table 2.1).
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Community data
To quantify cryptic community structure, we haphazardly installed 25 plots (0.25
m2) at each site in May-June 2016 in accessible surge channels (n = 3 at FC and n = 2 at
SH). We installed plots along the length of each surge channel from the shallower
landward end to the lowest accessible seaward point. Plots were marked with stainless
steel lag screws in each corner and one of which held a numbered tag. We photographed
each plot using a photo-quadrat equipped with a Panasonic Lumix HD digital camera
(Panasonic, Osaka, Japan) for later analysis of community structure.
We used the point intercept method to determine percent cover and species
richness in each plot over time (Drummond and Connell, 2005). For each plot picture, we
overlaid 225 points in a 15 x 15 grid ImageJ (V 1.5). This level of resolution captured
rare species and small mobile invertebrates. We the identified taxa under each point to
the lowest taxonomic resolution possible or identified substrates as bare rock, shell
debris, and sand. This resulted in some taxa identified to species and others to phyla, so
we lumped taxa into broader taxonomic categories (Table 2.2). This widely-used
approach provides a conservative estimate of diversity and richness (Menge et al., 2007).
We calculated percent cover summing points by taxon and dividing 225.

Artificial disturbances
To mimic disturbance and study recovery rate, we cleared n=10 randomly chosen
plots at each site by removing all biota then scrubbing the plot with oven cleaner (Menge
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et al. 2015). This method removed 100% of invertebrates and canopy/turf algae but left a
marginal amount (<5% cover) of encrusting coralline algae in the inaccessible small
cracks and crevices in each plot (Fig. 2.2). The remaining plots (n = 15) were
undisturbed controls and used these to characterize between-site differences. During the
>1 year experiment, we photographed the plots 6 times in May, June, July, and December
2016, and in April, June, and August in 2017. If canopy algae (e.g. Laminaria,
Saccharina, Macrocystis, etc.) were present, we first estimated its percent cover, then
moved it aside before the picture was taken. These data were added to later calculation of
percent cover, so total cover can sum to > 100% (Guerry et al., 2009).

Environmental data
To assess the association between community structure recovery rates and habitatlevel abiotic factors, we quantified emersion and solar irradiation in each plot. We
defined emersion as the average number of hours out of the water per month. Emersion
is important because it is directly related to desiccation, which is an important
physiological stress that can affect intertidal community structure (Flores et al., 2015;
Helmuth et al., 2006; Williams et al., 2013). First, we measured the shore level of each
plot in relationship to five benchmarks using a long-range self-leveling laser sensor (RLH4C, Topcon, Tokyo, Japan). We measured the elevation of each intertidal benchmark
(m above mean lower low water) using a Trimble GPS system (Sunnyvale, California,
USA), which is accurate to approximately ± 30 cm. We estimated the time out of water
for each plot by fitting a spline curve to tide data taken from NOAA Tides and Currents
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for each site. Daily estimates of the percent time each plot was out of the water were
obtained using the height of each plot in the spline curve function and used these data to
calculate monthly average percent of time each plot was emersed. We recognize that this
method provides estimated average emersion, and that weather-driven variation will
affect the actual amount of intertidal that is submerged or wetted (Harley and Helmuth
2003).
Solar irradiation (SI), is estimated as the power per unit area integrated over time
(kWh/m2/day). SI is related to desiccation, heat stress, and photosynthesis and thus is a
potentially important abiotic factor in driving intertidal community structure (Harley and
Helmuth, 2003b). To measure SI we used a Solar Pathfinder (Linden, Tennessee, USA)
coupled with Solar Pathfinder Assistant Base Software. The Pathfinder is a convex
plastic dome that reflects a panoramic image of any obstacle in the 360° horizon that will
block the sun in each plot (e.g. overhung ledges, mussel beds, etc.). By importing a
photograph of the dome and outlining the obstacles, the software estimates irradiance as a
function of month and time of day based on the specified location (i.e., plot) and
approximate azimuth of the site (~167° from N for both sites). Note that this SI
measurement is only an approximation of actual SI, because we were not able to account
for light attenuation when plots are submerged.

Data analyses
Our analyses used PRIMER-e with PERMANOVA+ (Plymouth Routines in
Multivariate Ecological Research, Version 6, 2006), JMP software (SAS Institute Inc.,
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Version 13, 2016) and R (v. 3.5.5). We removed plots with incomplete data (i.e. n=1 plot
was lost per site), resulting in n=14 control, and n=10 experimental plots at each site. We
defined time as a continuous factor using days, and as an ordinal factor using sampling
period. We quantified community similarity among plots using arcsine-square root
transformed data and a Bray-Curtis similarity matrix (McCune et al., 2002). All
environmental data were normalized and standardized so that data were on comparable
scales, and a similarity matrix was created for environmental variables (McCune et al.,
2002). All subsequent multivariate analyses (PERMANOVA, PERMDISP, SIMPER)
were run on these transformed community and environmental matrices (Anderson et al.,
2008).

Local site-level effects on community structure
To determine whether local site-level processes are reflected in undisturbed surge
channel communities (Q1), we tested the general effect of site and time on community
structure for the control plots only using distance-based permutational multivariate
analyses of variance (PERMANOVA, Anderson et al. 2008) in PRIMER-e. We used a
repeated measures design with plot nested within site as a random effect, and site, time,
and their interaction as fixed effects. We used permutational tests of multivariate
dispersion (PERMDISP) with 999 permutations to test if significant effects among sites
and time points in PERMANOVA were driven by heterogeneity of variance (Anderson et
al. 2008; Viejo 2009; Menge et al. 2015).
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We used distance-based similarity percentage analysis (SIMPER) to indicate
which taxonomic groups were driving site and time separations (Anderson et al., 2008;
Viejo, 2009), and non-metric multidimensional scaling (nMDS) to visualize how site and
time were associated with community similarity. We used vector overlays on nMDS plots
and displayed only those taxa contributing > 5% to among-site dissimilarity in SIMPER
analyses.
To test if diversity differed between sites, we first calculated Shannon-Wiener
index:

H’ = ∑ [(Pi)* ln (Pi)]

(1)

We calculated H’ for each plot at each time point. We then used a mixed effects
generalized linear model (GLMM) with a restricted maximum likelihood approach to test
for the effect of site, time and their interaction on diversity, with plot nested within site
included as a random effect to control for repeated measures.

Habitat-level environmental effects on community structure
To test if habitat influenced undisturbed surge channel community structure (Q2),
we analyzed the effect of EE and SI. Since we were interested in the cumulative effects
of EE and SI on general community structure, and because communities didn’t vary
substantially over time, we first averaged the species cover in each plot over time, and
averaged the EE and SI for each plot over time (i.e. averaged monthly EE and SI between
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May 2016 and Aug. 2017). We then recalculated Bray-Curtis similarity matrices among
plots as above and ran a PERMANOVA and PERMDISP with site as a fixed effects and
EE and SI as covariates.

Site effects on community recovery
To examine if phytoplankton productivity and recruitment were related to rates
and patterns of community recovery, we compared these measures to responses of
cleared plots to disturbance. We first created Bray-Curtis similarity matrices using
arcsine square root transformed, normalized, and standardized cover data for each plot, as
above. PERMANOVA was then used to test the effects of site, treatment, time and their
interactions (fixed effects) and plot nested within treatment and site (random effects to
control for repeated measures) on community recovery. PERMDISP tested for
homogeneity of variances among sites and treatments. To visualize the recovery of each
community over time, we first estimated the community centroids among plots for each
site and time point, and then plotted them using nMDS with vector trajectories
connecting time points. Community recovery was very strongly associated with the first
axis in nMDS space, with control and recovered communities as positive values and
disturbed communities as negative values. We therefore used the position on nMDS1 as a
proxy for measuring community recovery.
To estimate recovery of each plot, we visualized the community similarity of each
plot using nMDS and extracted nMDS1 position data. Using GLMM, we tested if site,
treatment, time (as an ordinal factor), and their interactions affected community recovery
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(as approximated by nMDS1 position), including plot nested with site and treatment as a
random effect. Since community recovery was better approximated by similarity of
removal plots to controls than by absolute position along nMDS1, we used Tukey's
pairwise post-hoc tests to determine times that removal and control plot communities at
each site were statistically similar (indicating recovered) or different (indicating not
recovered).
We used two-way SIMPERs (with site and time as factors) to investigate patterns
of community recovery. This test examines which taxa are associated with a given site
and time. We also used a one-way SIMPER (with treatment as a factor) to describe any
differences in community structure between treatment groups at the end of the
experiment (e.g., day 0 versus day 468 [SH] and 469 [FC)]) to assess which taxa did or
did not recovery in the removal versus control plots.
To investigate changes in diversity over time, we calculated H' (as described
above) for each plot. We used GLMM with plot nested within site and treatment as a
random effect, and site, treatment, time and their interactions as fixed effects to describe
changes in diversity between treatments and over time. To determine when site diversity
had recovered, we used Tukey’s pairwise post hoc test to compare average diversity for
each combination of time, site and treatment.
In addition to whether or not communities had recovered, we were also interested
in the rate of recovery and if the rate was affected by emersion or irradiance. Recovery
rate can be thought of as change in community structure of cleared plots over time, so we
used nMDS1 and nMDS2 coordinates for each plot and time point (as described above)
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and calculated their trajectory vector lengths using the “adehabitat” package in R, which
is typically used to quantify movement (Calenge, 2006). We then tested if site, emersion,
and irradiance influenced recovery rate (vector length) using GLMM (as described
above).

Results
(Q1) Spatial and temporal patterns of community structure: Do local processes affect
surge channel communities?
Community structure differed between sites but was not dependent on time: all
factors, i.e., site, time, site*time and plot nested within site had effects on community
structure in control plots. However, site explained the vast majority (92 %) of the
variation in community structure of control plots, while time explained only 0.75% of the
variation, indicating that plots varied little seasonally (Fig. 2.3a; Table 2.3). This is
supported by the lack of pattern in community structure over time for either site nMDS
space (Fig. 2.3); that is, plots for each site were intermingled, changing little through time
and did not display string signs of seasonality. Furthermore, PERMANOVA results were
not due to heterogeneous multivariate dispersion between sites (PERMDISP: F1,190 =
0.06, p = 0.47), suggesting true site differences in community structure.
Differences in community structure were associated with differences in taxa at
each site, with SH characterized by more mobile and sessile invertebrate groups (i.e.,
bryozoans, anemones) and FC characterized by more red and coralline algae as predicted
by HA1 (Fig. 2.3b, Table 2.4, 2.5). Although community structure at the two sites was
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different, species diversity was similar (GLMM: F1,1 = 0.51, p = 0.47) (Table 2.6),
suggesting that differences are driven by abundance rather then diversity and overall
community composition (Fig. 2.3b).

(Q2) How do habitat characteristics influence surge channel community structure?
Solar irradiation and estimated emersion only explained a combined 2.51% of
variance in community structure, indicating that they are likely not important factors in
determining the structure of surge channel communities (Table 2.7). As above, site was
still the largest contributor to community structure, explaining 55.1 % of variance.

(Q3) How do local processes influence patterns of recovery?
The removal treatment effectively altered community structure at both sites, with
the removal treatment explaining 17% of variation in community structure (Table 2.8).
As expected, treatment effects depended on time (PERMANOVA: Treatment*Time =
15.21% variation), and sites responded differently to the treatments over time, but the
magnitude of this difference was small (Site*Treatment*Time: P < 0.001, 1.23%
variation) (Table 2.8, Fig. 2.4). Though we detected heterogeneous multivariate
dispersion between sites (PERMDISP: F3,332 = 20.05, p = 0.001), the strong separation of
site clouds in nMDS indicates that heterogeneity was not driving the differences in site,
treatment, and time combinations as detected by PERMANOVA (Fig. 2.4).
Community recovery (defined as no difference between control and removal
communities at a given site and time point along nMDS1), was at least 355 days faster at
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SH than at FC (Fig. 2.5a, Table 2.9, GLMM: Site*Time: P = 0.03, Treatment*Time: P
<0.001). That is, pairwise comparisons between treatments converged by day 355 at
Strawberry Hill (Tukey: P < 0.05 from day 0-355, and P >0.05 from day 335-468) but
never converged at Fogarty Creek (P > 0.05 for all pairwise comparisons). On the other
hand, recovery rates of plot diversity did not differ between sites (Fig. 2.5b, Table 2.10,
GLMM: Site*Treatment*Time: F1, 38 = 1.04, p = 0.0686). FC and SH recovered to their
initial diversity after days 59 and 56, respectively (Tukey pairwise comparisons: P < 0.05
before day 59, P > 0.05 after day 59).
Patterns of taxon recovery were different at each site, with SH characterized by a
greater abundance of invertebrates during all stages of recovery, and FC characterized by
red algae (turf, encrusting, and canopy) (Fig. 2.3b; Table 2.11). A SIMPER comparison
between control and removal plots for the last sampling point (days 469 and 468 for FC
and SH, respectively) showed that at FC anemones, urchins, sponges, and red turf algae
did not recover and that the removal plots were characterized by red canopy algae and
bare rock (Table 2.12). At SH, anemones, green algae, and barnacles did not recover and
removal plots were characterized by red canopy, brown algae, red turf algae, bare rock,
and bryozoans (Table 2.13, Fig. 2.6).

(Q4) How do habitat factors influence cryptic surge channel community recovery?
Similar to the control plots, monthly emersion (GLMM: F1,20.7 = 1.39, p = 0.251)
and insolation (GLMM: F1,39.4 = 0.001, p = 0.99) were not correlated with the rate of
community recovery as calculated by the length of the vectors connecting community
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position over time in nMDS space (Fig. 2.4, Table 2.14). Furthermore, this pattern was
apparent at both sites (Table 2.14).

Discussion
In this study, we described the structure of previously poorly known cryptic surge
channel communities and investigated the relative importance of site- versus habitatspecific features (emersion or irradiation) on their abundance patterns, diversity, and
recovery rates. As expected from prior descriptions and studies of communities on open,
non-cryptic rock surfaces at these two sites, site explained the majority of variance in our
response variables. Similar to the patterns on open surfaces, SH tended to have higher
abundances of sessile invertebrates, while FC had higher abundances of macrophytes.
However, in contrast to open surfaces at SH, which are dominated by mussels, gooseneck
barnacles, and acorn barnacles, the dominant invertebrates in cryptic SH communities
were a mix of colonial invertebrates (sponges, bryozoans, tunicates, hydrozoans) and
solitary invertebrates (mostly barnacles). Potential explanations for these differences
could include large-scale factors such as coastal ocean productivity, nutrients, and
recruitment, and local-scale habitat specific features (emersion or irradiation). Below, we
first summarize the larger coastal ecosystem context in which our work took place, and
then examine the specific outcomes of our research and their ecological significance.
Coastal oceans are highly heterogeneous and may be characterized by locally
persistent environmental patterns that have important impacts on community dynamics
(Menge and Menge, 2013; Menge et al., 2015; Vinueza et al., 2014). In the California
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Current Large Marine Ecosystem (CCLME), patterns of upwelling, pH, nutrients,
chlorophyll, and larval retention contribute to differences in community structure
between capes and sites (Snyder et al. 2003; Menge et al. 2015; Chan et al. 2017).
Although many studies have shown that large-scale oceanographic features are linked to
community structure at the regional, cape, and local site scales, few studies have
investigated if these patterns can also predict general trends in community structure
across distinct habitat types within a site (but see Hessing-Lewis et al., 2011 for an
exception). Our research is important because it adds to our understanding of how largescale environmental processes can predict ecological patterns across specific habitat types
within a site.

Intertidal cryptic surge channel communities
This study provides the first quantitative characterization of cryptic surge
channels communities (CSCCs) in the rocky intertidal zones of the CCLME. We found
that algae (canopy, turf, and encrusting), bryozoans, sponges, anemones, urchins, and
bare rock dominated surge channel communities (Figs. 2.2, 2.3). The structure of the
communities in surge channels is similar to that in other ecosystems; previous research
has shown that cryptic communities tend to be extremely diverse and possess a high
number of species per unit area. For example, Jackson and Winston (1982) found that the
diversity of encrusting taxa in cracks and crevices on a coral reef was much higher than
that of other habitat types. Much of this diversity in other habitats (e.g. coral reefs,
marine caves, tropical intertidal ecosystems) is attributed to encrusting cryptobionts such
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as sponges, colonial tunicates, cheilostome bryozoans, and turf or encrusting algae
(Jackson and Winston, 1982; Kobluk, 1988; Meesters et al., 1991; Menge et al., 1983).
The temperate surge channels in this study seem to follow the same pattern; we observed
many colonial or encrusting sessile invertebrate taxa, such as sponges, bryozoans, and
colonial tunicates (Fig 2.1, 2.2).
Taxon dominance patterns reflected those at the site level, indicating a
connection between cryptic surge channel habitats and other tidal zones (i.e., high, mid,
low, and subtidal). CSCCs may connect other habitats by serving as a refuge from abiotic
(e.g. desiccation) (Jackson and Winston, 1982) and biotic (predation) stress (Kobluk,
1988; Menge et al., 1983). For example, predation of sessile invertebrates like sponges,
byrozoans, and tunicates may be more intense in the subtidal versus surge channel
habitats due to increased abundance of predators (e.g. fish, nudibranchs, and other
mollusks), especially when predators are limited to subtidal environments (Menge et al.,
1983). Future studies may consider investigating the role of temperate intertidal cryptic
habitats as a refuge from predation for encrusting taxa. This could be done by estimating
predation rates in and out of cryptic habitats.

Local site-level effects on community structure and diversity
Overall, we found that site-level variation was the overwhelming driver of surge
channel community structure. Site was much more important than seasonality (Site: 92%
versus Time: 9%) and much stronger than among-plot variation within a site (Plot:
17.5%). Further, the modest among plot variation was not driven by irradiance or
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emersion, suggesting that these stressors are unimportant, unlike findings from adjacent
habitat types (Harley and Helmuth, 2003; Viejo, 2009; Williams et al., 2013). In our
study, we used site as a proxy for understanding how large-scale processes (e.g. patterns
of productivity and recruitment at the site scale) determined community structure in
CSCCs. Given the strong effect of site on CSCC, we infer that large-scale processes are
closely linked to CSCC structure. This finding is consistent with others who have found
similar connections between nearshore ecosystems and oceanographic processes. For
example, Menge et al. (2015) found that in the CCLME, sites dominated by sessile
invertebrates and mobile predators are associated with weaker upwelling, higher
phytoplankton abundance, and higher recruitment, while the opposite is true for sites
dominated by macrophytes.
Consistent with the finding that site was the main driver of community structure,
CSCCs reflected general patterns of taxa dominance at both sites. At FC, groups
contributing to >10% of site characterization included red turfs, encrusting coralline
algae, bare rock, and urchins (Fig. 2.3; Table 2.5). These data thus reflect the previous
finding that FC is typically macrophyte-dominated. Surge channels at SH also reflect
typical site patterns, with cryptic communities dominated by sessile invertebrates (e.g.
bryozoans, anemones), bare rock, and green algae (Fig. 2.3; Table 2.4). Although the
structure of the two surge channel communities is different, we found no differences in
diversity (H’ loge) between sites (Table 2.9), indicating that dominance patterns (e.g.
macrophyte vs. invertebrate), rather than number of taxa, are driving differences in
community structure.
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Based on previous research, the patterns of taxon dominance between FC and SH
are likely driven by differences in productivity and recruitment driven by upwelling and
site topography (Menge et al. 2015). Compared to FC, SH is characterized by a wide
shallow shelf that promotes the retention of larvae, nutrients, and food particles which
may promote a pattern of invertebrate dominance. Such patterns appear general. Previous
studies have shown that the abundance of some sessile filter feeding invertebrates is
correlated with the availability of particulate food (Buss and Jackson, 1981; Gasbarro et
al., 2018). For example, Svensson and Marshall (2015) found that the community
composition, abundance, and diversity of benthic bryozoan communities was positively
correlated with particulate food availability. In future studies, it would be interesting to
quantify particulate food availability in surge channel communities at our two sites.
In contrast to SH, FC has a narrow shelf (Table 2.1). This topological feature
promotes larval dispersal and reduces the availability of nutrients and phytoplankton as
particulate matter is continually moved offshore during periods of upwelling (Menge et
al., 2015). Combined, these features may facilitate dominance by macroalgae via several
mechanisms. First, environmental conditions and lack of larval retention may reduce
sessile invertebrate recruitment, growth, and abundance, leaving additional open space
for macroalgae to colonize (Vinueza et al., 2014). For example, Breitburg (1984) found
that when sessile invertebrate recruitment was reduced, intertidal sites tended to be
dominated by crustose coralline algae and urchins. Second, reduced phytoplankton
abundance (compared to SH) may result in less light attenuation with depth, facilitating
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algal photosynthesis and therefore growth, survival, and reproduction (Van den Hoek et
al., 1978).

Site effects on recovery
Consistent with our hypothesis, we found that cleared plots returned to initial
community state after 355 days at SH, while plots at FC never recovered (Table 2.8; Fig.
5a). As evidenced by the nMDS plot of community centroids and their associated vectors
(Fig. 2.4), removal plots at SH returned to the same ordination space as the controls,
despite starting away from the cloud of the control points. Furthermore, the direction of
the vectors at SH seem to indicate that control and removal communities were headed in
the same direction, trending towards the same community composition. In our model
(Table 2.8), community recovery was mainly predicted by site, and the effect of site
through time. This effect could be driven by the topological differences between the sites.
As noted earlier, the location of SH on Cape Perpetua with its wide shelf (Table 2.1)
promotes the retention of larvae, phytoplankton, and nutrients. As such, there may be
more recruitment opportunities and faster growth due to increased food availability for
invertebrate taxa at SH vs. FC, resulting in more similar end-point communities for the
control and removal plots.
In intertidal communities that experience upwelling, bottom-up effects, such as
propagule supply, can influence community structure via recruitment and species
interactions (Vinueza et al., 2014). Where larvae and nutrients are retained due to coastal
oceanography and topography, space is colonized at a faster rate, modifying patterns in
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space occupation and competition of suitable substrate. This process results in
comparatively faster recovery times and may result in a more uniform composition of
species after disturbance if all disturbed areas experience the same propagule and nutrient
inputs (Menge et al. 2015).
At FC, removal plots never returned to the same space as the controls, and vector
arrows indicate that removal communities are headed in a different direction versus the
control plots (Fig. 2.4). Compared to SH, the narrow shelf at FC is thought to promote
offshore movement of propagules and nutrients. When propagules are consistently
washed offshore, chances of successful recruitment may decrease for taxa with long
larval stages and recovering communities may represent a more random composition of
taxa due to opportunistic recruitment processes (Barner et al., 2016; Greene and
Schoener, 1982). When nutrients are reduced, growth rates are slower, resulting in both
slower recovery of taxa and reduced competition for space (Worm et al., 1999). When
competition for space is reduced, dominance patterns may be altered, resulting in
different endpoint communities after disturbance (Carpenter, 1990). This is consistent
with our finding that FC plots never recovered and had different endpoint communities
compared to the control plots. In future studies, it would be beneficial to quantify
recruitment rates, nutrient inputs, and competition for space in these two communities to
determine why recovery plots at FC followed a different recovery trajectory compared to
SH.
Despite differences in recovery rates, diversity at both sites recovered 60 days
after the initial plot clearing (Fig. 2.5). Interestingly, sites displayed a similar trajectory
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for the first 60 days after removal, with cleared plots being dominated by barnacles,
encrusting coralline algae, and bare rock. The recovery of the cleared surge channel
communities closely follows community trajectories for cleared plots in the low intertidal
zone (Fig. 2.4). For example, previous studies of successional patterns in the intertidal
have found that encrusting coralline algae provides a settlement cue for sessile marine
invertebrates (Doropoulos et al., 2012). Barnacles then provide additional substrate for
algal settlement, such as the red and green algae observed in cleared plots by day 200 at
FC and SH respectively (Fig. 2.6). The fact that both sites displayed similar trajectories
despite different environmental conditions and endpoint community structure may
indicate that successional patterns may be fundamentally deterministic. For example,
Barner et al. (2016) studied the mechanisms that maintained structurally dominant
canopy kelp Saccharina sessilis at ten intertidal sites in the CCLME. They found that
species interactions that maintained S. sessilis canopy were similar across sites and were
not context dependent. To investigate this hypothesis, future studies should look at CSCC
successional patterns across a larger spatial scale and specifically quantify how species
interactions could help maintain these patterns.

Environmental effects on community structure and recovery
In our control plots, emersion and solar irradiation only explained 2.51% of the
variance in community structure at both sites, suggesting that these habitat features are
not important determinants of community structure (Table 2.7). This result contrasts with
the findings of others who have shown that intertidal ecosystems are a product of a well-
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defined gradient of environmental stress generated by waves and tidal cycles (Brewer et
al., 1997; Connell, 1961; Harley and Helmuth, 2003; Helmuth et al., 2006; Paine, 1969).
A wealth of previous studies have described how emersion, and thus desiccation,
temperature, and solar radiation stress, result in ecological communities that are
organized by stress tolerance and biotic interactions (Harley and Helmuth 2003; Crain et
al. 2008; Flores et al. 2015). Although emersion and solar radiation seem to be important
for low, mid, and high intertidal zones (Connell, 1961; Harley and Helmuth, 2003a;
Helmuth et al., 2006; Williams et al., 2013), these factors may be less important for surge
channel communities (Table 2.7, 2.14). Surge channels are located below the low zone
and are therefore only exposed during the lowest tides (Fig. 2.1). It could be that
emersion and solar irradiation are not stressors in these areas due to the low aerial
exposure and therefore desiccation stress.
In our control plot models examining the effect of emersion and solar irradiation
on community structure, we found that site and residuals explained 55.2% and 42.25% of
the majority of the variation respectively (Table 2.7). The observation that almost half of
the variation in community structure was unexplained may indicate that we failed to
incorporate environmental parameters that are important in structuring surge channels
communities. Thus, other abiotic features may be more important determinants of
community structure for CSCCs. For example, depth and light have been shown to be
important factors in intertidal cryptic community organization: Menge et al. (1983) found
that the peak abundances of cryptobionts in intertidal holes and crevices in Panama
changed with depth and light exposure. Within cryptic coral reef communities, Meesters
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et al. (1991) found that depth and pollution were important predictors of sub-rubble
community composition and diversity. In marine caves, cryptic macrofaunal
assemblages’ track light gradients and the peak abundances of bryozoans and sponges
shift based on distance from the cave entrance (Bussotti et al., 2006). In future studies, it
would be beneficial to include the measurement of other relevant abiotic variable such as
temperature, light, and mechanical wave energy (Harley and Helmuth 2003).
Community recovery, similar to community structure, was not predicted by
environmental variables at either site (Table 2.8, Table 2.14). This result is expected
given the small contribution to emersion and solar irradiation to community structure.
However, it is in contrast to other studies which have found both positive and negative
impacts of abiotic stressors on the rate of recovery in the intertidal. For example, many
have found recovery rates decrease with increasing tidal height. Recovery at high tidal
levels was comparatively slower than at lower levels and was dependent on habitat
amelioration by ecosystem engineers (Bertness et al., 2006; Brewer et al., 1997; Crain et
al., 2008; Schiel, 2006). Others have found the opposite: for example, Viejo (2009) found
that recovery of canopy-forming algae communities increased with emersion stress.
Hence, the effect of abiotic stressors on recovery is likely dependent on the intensity and
characteristics of the stress factors, and the susceptibility of the taxa present in the
community of interest. As mentioned above, it may be that emersion and solar irradiation
are not stressors for cryptic taxa within the context of the study as surge channels are only
emerged during the lowest tides.
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The spatial scale at which stress is studied is also important: Harley and Helmuth
(2003) found that the upper limit of the mussel Mytilus californianus and the barnacle
Balanus glandula are predicted by emersion time at the local scale (10s to 100s of
meters) on Tatoosh Island, WA. However, at larger spatial scales (10s to 100s of
kilometers), the upper limit of B. glandula is related to emersion at cool sites but not at
hotter sites. Although emersion explains most of the local-scale variation in zonation at a
cool site, other factors (temperature, desiccation) likely become important as spatial scale
increases to incorporate warmer sites. Their results emphasize the need to quantify
patterns of community structure across multiple spatial scales. However, in this study, we
only looked at emersion and irritation at the habitat level and we recognize that these
overall effect stressors might change if we investigated patterns across sites and capes in
the CCLME.

Conclusions
To our knowledge, this work provides the first quantitative characterization of
cryptic surge channel communities in a rocky intertidal habitat. Our study indicates that
even though surge channel communities represent a unique sub-habitat type in the
intertidal, they still reflect general site patterns and appear to be driven by largeoceanographic and topological features. In this study, we used site as a proxy for these
large-scale factors, which we recognize as a limitation and area for future research. In
future work, it would be beneficial to quantify oceanographic and environmental
conditions. It would also be useful to repeat this experiment across a larger range of sites,
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so that environmental conditions could be used as a proxy for site in our statistical
models. In addition, we found that emersion and solar irradiation do not determine
community structure or recovery rate of cryptic surge channel communities, despite being
important factors for community structure in other intertidal habitat types. Future work
could quantify additional abiotic variables (temperature, light, wave stress) in surge
channel communities, and sampling could extend into the subtidal to extend the range of
abiotic conditions in the experiment. Overall, our study adds to our understanding of
rocky intertidal ecosystems and how they are linked to costal ocean processes.
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Figures

2.1

Figure 2.1. (a) Fogarty Creek (FC) at low tide (-1.2m, mean lower low water). Labels indicate zonation of
the mid, low, and surge zones. Surge channels are located below the low-zone and are characterized by
vertical surfaces and encrusting taxa. (b) Close up of surge channel community at FC at low tide showing
an abundance of the green breadcrumb sponge Halichondria panicea.
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2.2

Figure 2.2. Plot pictures of control and removal plots over time at both sites: (a) SH control, day 0; (b) SH
control, day 219; (c) SH control, day 411; (d) SH removal, day 0; (e) SH removal, day 219; (f) SH removal,
day 411; (g) FC control, day 0; (h) FC control, day 219; (i) FC control, day 411; (j) FC removal, day 0; (k)
FC removal, day 219; (l) FC removal, day 411.

47

2.3

Figure 2.3. (a) Non-metric multidimensional scaling (nMDS) plot depicting Bray-Curtis dissimilarity of
intertidal community structure over time at FC (blue gradient) and SH (red gradient). Vector overlays
depict species most associated with dissimilarities among points, with those taxa detected by SIMPER
analyses as contributing >10% to pairwise site dissimilarities in black, those contributing ~5-10% in gray,
and those <~5% not shown. (b) Average percent cover of groups driving site differences (identified above)
over time.
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2.4

Figure 2.4. Non-metric multidimensional scaling (nMDS) plot depicting Bray-Curtis dissimilarity of
intertidal community structure over time at for FC control plots (dark blue), FC removal plots (light blue),
SH control plots (red), SH removal plots (pink). Dots represent plot/treatment/time centroids. Vectors show
movement over time; days are labeled next to points.
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2.5

Figure 2.5. (a) Non-metric multidimensional scaling (nMDS) was used to determine Bray-Curtis
dissimilarity of intertidal community structure at FC and SH in control and removal plots over time.
Position on the first nMDS axis (nMDS1) indicates community recovery. Lines represent community
structure over time for FC control plots (dark blue), FC removal plots (light blue), SH control plots (red),
SH removal plots (pink). Error bars represent mean community position ± SE. (b) Mean diversity (H’ loge)
over time for FC control plots (dark blue), FC removal plots (light blue), SH control plots (red), SH
removal plots (pink). Error bars represent mean diversity ± SE.

50

2.6

Figure 2.6. Timeline illustrating recovery of cleared plots over the course of the experiment for (a) FC and
(b) SH. Taxa and substrates groups contributing to community similarity for each time point were
calculated via SIMPER analysis. Only the top three groups and groups that contribute >10% are reported.
A full list of groups and their similarity score is shown in Table 2.11.
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Tables
Table 2.1. Comparison of site-level local processes and community dominants in low intertidal
communities adjacent to surge channel communities at Fogarty Creek and Strawberry Hill, Oregon
reproduced from Menge et al. 2015. We used these data characterize the local site-level environment as low
productivity/low recruitment/algae-dominated at Fogarty Creek and high productivity/high
recruitment/invertebrate-dominated at Strawberry Hill.
Table 2.1
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Table 2.2. List of taxa, substrates, and their corresponding group that was used for analysis.
Table 2.2
Group

Taxa/ Substrate
Anthopleura elegantissima

Anemone

Anthopleura xanthogrammica
Epiactis prolifera

Arthropod
Bare Rock

Idotea sp.
Crab (unknown)
Bare rock
Balanus glandula
Balanus nubilus

Barnacle

Barnacle (unknown)
Chthamalus dalli
Pollicipes sp.
Semibalanus cariosus
Alaria marginata
Brown bladed algae (unknown)
Desmarestia ligulata

Brown Algae

Egregia menziesii
Fucus sp.
Laminaria sp.
Phaeostrophion sp.
Saccharina sessilis

Bryozoan

Flustrellidra sp.
Tufted bryozoan (unknown)

Articulated coralline algae

Articulated coralline algae

Encrusting coralline algae

Encrusting coralline algae
Bryopsis sp.

Green Algae

Ulva sp.
Ulva sp.

Surf Grass

Phyllospadix sp.
Zostera sp.
Diaulula sandiegensis
Doris montereyensis
Hermissenda crassicornis

Mollusk

Diodora aspera
Katharina tunicata
Lottia sp.
Mopalia sp.
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Nucella canaliculata
Nucella ostrina
Tonicella lineata
Mussel
Mobile worm

Mytilus californianus
Amphiporus sp.
Mobile worm (unknown)
Dodecaceria fewkesi
Eudistylia sp.

Tube-dwelling worm

Pista elongata
Serpula columbiana
Tubulanus polymorphus
Ahnfeltiopsis sp.
Callithamnion sp.
Chondracanthus sp.
Constantinea simplex
Cryptopleura/Hymenina sp.
Cryptosiphonia woodii
Delesseria sp.
Mazzaella parksii
Microcladia sp.

Red Turfs

Odonthalia sp.
Opuntiella sp.
Osmundea sp.
Plocamium sp.
Polysiphonia sp.
Ptilota sp.
Red bladed algae (unknown)
Red branched algae (unknown)
Red filamentous algae (unknown)
Dilsea/Neodilsea sp.

Red Crust

Encrusting red algae (Unknown)
Erythrophyllum
Mazzaella sp.

Red Canopy

Mazzaella linearis
Mazzaella splendens
Schizymenia sp.

Sea Star
Sells and Sand

Leptasterias hexactis
Pisaster ochraceus
Shell debris
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Sand
Cliona sp.
Sponge

Halichondria panicea
Haliclona sp.
Ophlitaspongia sp.

Tunicate
Urchin

Styela montereyensis
Strongylocentrotus droebachiensis
Strongylocentrotus purpuratus
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Table 2.3. PERMANOVA results testing effects of plot, site, and time on community structure in the
control plots.
Table 2.3
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 #(4(5 22
( 1
! 7
(6! 7
')  154



 

')#1

2$&!3

'(!( %0&##( A,$ "

1.19E+05

5395.3

26.083

0.001

648.55

25.467

5.12

97228
17186
5630.9
31855

97228
2455.2
804.42
206.85

18.021
11.869
3.8888

0.001
0.001
0.001

11479
93.679
49.797
206.85

107.14
9.6788
7.0567
14.382

91.99
0.75
0.39
1.65
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Table 2.4. SIMPER results testing which taxonomic groups contributed to community similarity at SH.
Only groups that contributed >5% are reported.
Table 2.4

$' *&
*&
)"" ! &(-
2(+"
$ #('3
14.14
&"  0.48
11.26
&# 0.4
9.12
"!#" 0.34
5.23
&-#.#" 0.23
4.57
"&)'("#& "  0.2
3.45
)1+ "+#&! 0.15
3.2
)&' 0.15

! &(-


A
#"(&)(#"

#( 
)""

1.93
2.1
1.8
1.12
1.31
1.1
0.97

24.09
19.18
15.54
8.91
7.78
5.88
5.46

24.09
43.27
58.81
67.72
75.5
81.38
86.84

57
Table 2.5. SIMPER results testing which taxonomic groups contributed to community similarity at FC.
Only groups that contributed >5% are reported.
Table 2.5

$' *&
)""
)&'
"&)'("#& " 
&#
&"
"!#"
"#$-

0.46
0.33
0.25
0.27
0.27
0.28
&() (#& "  0.19
$#" 0.19

*&
! &(-
2(+"
$ #('3
12.54
9.65
7.64
7.05
5.3
5.27
4.56
3.74

! &(-


A
#"(&)(#"

1.32
2.51
2.93
1.38
0.83
0.77
1.31
0.95

20.75
15.96
12.63
11.66
8.76
8.71
7.54
6.18
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Table 2.6. Mixed effect GLMM results testing the effects of site and time on diversity (H’ loge).
Table 2.6
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! 7
(6! 7
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&#B

1
7
7

22
154
154

0.5192
8.4252
0.7218

0.4788
<.0001
0.6536
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Table 2.7. PERMANOVA results testing effects of site, irradiation and emersion on community structure
in the control plots. For this analysis control plots were averaged over time.
Table 2.7
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"'# (#" 1
!&'#" 1
')  20



 

')#1 2$&!3 '(!( %0&##( A,$ "

5387.6

5387.6

10.79

0.001

652.16

25.53

55.21

768.72
781.74
9982

768.72
781.74
499.1

1.54
1.56

0.155
0.176
-

17.56
12.27
499.1

4.19
3.50
22.34

1.48
1.03
42.25

-
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Table 2.8. PERMANOVA results testing effects of plot (nested in site and treatment), site, treatment, and
time on community structure in the control and removal plots.
Table 2.8
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( 1
&(!"( 1
! 7
(6! 1
(6&(!"( 7
&(!"(6! 7
 #(4(/&(!"(5 38
(6&(!"(6! 7
')  26
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')#1 2$&!
3
26.532
0.001

'(!(

608.19

%0&##
(
24.662

A,$ "

20.043

0.001

463.07

21.519

17.36641

10618
0
80210

10618
0
80210

22.80882

72735
13042
13054
60262
15207
0
4196.3
69612

10391
13042
1864.8
8608.9
4001.9

39.705
3.259
7.1259
32.896
15.292

0.001
0.003
0.001
0.001
0.001

241.17
109.86
76.34
405.77
467.53

15.53
10.482
8.7373
20.144
21.622

9.044545
4.120055
2.862962
15.2175
17.53367

599.47
261.7

2.2907
-

0.001
-

32.839
261.7

5.7305
16.177

1.231554
9.814477
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Table 2.9. Mixed effect GLMM results testing the effects of site, treatment, and time on community
recovery (nMDS1 position) in control and removal plots. Plot, nested within site was included as a random
effect- only fixed effects are shown.
Table 2.9
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!(#&
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&(!"(6!(#&

1
1
7
7
7
(6&(!"( 1
(6&(!"(6!(#& 7
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1
1
7
7
7
1
7

256.1
256.1
300
300
300
256.1
300

189.4181
456.4971
68.2617
2.1454
53.3287
89.74
0.3246

&#B

<.0001
<.0001
<.0001
0.039
<.0001
<.0001
0.9426
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Table 2.10. Mixed effect GLM results testing the effects of site, treatment, and time on diversity (H’ loge)
in control and removal plots at each site. Plot, nested within site was included as a random effect- only
fixed effects are shown.
Table 2.10
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&#B

1
7
1

1
7
1

38
266
38

1.043
135.47
60.6903

0.3136
<.0001
<.0001

1
7
7
7

1
7
7
7

38
266
266
266

0.0104
2.8531
162.6059
1.9069

0.9192
0.0069
<.0001
0.0686
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Table 2.11. SIMPER results testing which taxonomic groups are contributing to community similarity in
the removal plots at FC and SH for each time point. Only groups that contribute >10% are reported.
Table 2.11
,$&!"( (
"(
7 FC

&#)$
Bare Rock

*&
)""
1

*&
! &(-
1

! &(-


A
#"(&)(#"
100%

SH

Bare Rock

1

1

:7 FC

Bare Rock

0.78

32.02

5.94

45.85

Barnacle

0.32

10.93

1.79

15.65

Encrusting coralline
algae
Bare Rock

0.26

8.08

2.31

11.57

0.82

35.95

5.32

57.66

Sea Star

0.18

6.82

3.62

10.94

SH
=7 FC

SH

977 FC

SH

:;7 FC

SH

;>7 FC

SH

100%

Bare Rock

0.63

21.94

4.27

32.18

Barnacle

0.43

14.62

5.47

21.44

Encrusting coralline
algae
Bare Rock

0.35

11.72

4.44

17.19

0.77

30.16

9.3

42.45

Barnacle

0.29

10.75

7.3

15.12

Encrusting coralline
algae
Bare Rock

0.25

8.9

3.64

12.53

0.64

21.59

3.27

32.9

Encrusting coralline
algae
Red Turfs

0.41

14.31

7.35

21.81

0.35

8.92

1.76

13.59

Red Canopy

0.24

6.03

1.34

9.19

Bare Rock

0.54

19.96

5.87

31.56

Green Algae

0.43

14.13

3.16

22.34

Bryozoan

0.45

13.91

2.07

22

Bare Rock

0.52

17.43

2.62

26.92

Red Canopy

0.5

17.02

2.81

26.28

Red Turfs

0.39

10.63

1.92

16.42

Encrusting coralline
algae
Green Algae

0.25

8.93

3.93

13.8

0.46

14.14

3.04

23.83

Bare Rock

0.43

13.58

4.12

22.87

Brown Algae

0.39

9.92

1.67

16.72

Red Turfs

0.27

6.57

1.36

11.07

Red Canopy

0.68

26.45

2.71

43.25

Bare Rock

0.36

12.45

3.27

20.36

Red Turfs

0.33

7.65

1.09

12.51

Green Algae

0.51

16.05

4.35

26.41

Bare Rock

0.37

12.09

5.3

19.89

Brown Algae

0.31

7.43

1.62

12.23

64
Table 2.12. Two-way SIMPER analysis comparing group similarity between control and removal plots at
FC the final sampling day of the experiment (day 469).
Table 2.12
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Average Abundance
0.5
0.33
0.44
0.68

Avg. Dissimilarity (D)
7.59
7.48

D (±SD)
1.58
1.31

% Contribution
15.9
15.68

0.26
0.24
0.21
0.17

0.04
0.04
0.36
0.02

5.2
4.85
3.88
3.63

1.47
1.36
1.39
0.97

10.89
10.16
8.13
7.61

0.15

0.15

2.76

1.27

5.79

#"(&# 

!#* 

Table 2.13. Two-way SIMPER analysis comparing group similarity between control and removal plots at
SH the final sampling day of the experiment (day 468).
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Table 2.13
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 Average Abundance
0.31
"#$- 0.19
0.13
"!#" 0.41
0.31
&#+"  0.04
0.51
&"  0.55
)&' 0.14
&# 0.23
&-#.#" 0.15
&"  0.14







Avg. Dissimilarity (D)

D (±SD)

% Contribution

6.03
5.75

1.26
1.61

11.96
11.4

5.59
4.26

1.7
1.45

11.08
8.45

0.24
0.37

3.72
3.57

1.13
1.64

7.38
7.08

0.21
0.06

3.18
2.54

1.55
1.25

6.31
5.04

Table 2.14. Mixed effects generalized linear model displaying effects of site, monthly emersion, and
insolation on speed of recovery as calculated by change in community structure over time from an nMDS
visualization of plots in species space.
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Table 2.14

#)&
( 1
#"( -!&'#" 1
#"( -"'# (#" 1

$&!  " (# &#B
1

18.89

0.4617

0.5051

1
1

20.07
39.4

1.3971
0.001

0.251
0.9966
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