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ABSTRACT 

 

GIANT KELP GENETIC MONITORING BEFORE AND AFTER DISTURBANCE REVEALS 
STABLE GENETIC DIVERISTY IN SOUTHERN CALIFORNIA 

by 

William Klingbeil 

 

The University of Wisconsin-Milwaukee, 2020 
Under the Supervision of Professor Filipe Alberto 

 

Given the impacts of climate change and other anthropogenic stressors on marine systems, there 

is a need to accurately predict how species respond to changing environments and disturbance regimes. 

The use of genetic tools to monitor temporal trends in populations gives ecologists the ability to estimate 

changes in genetic diversity and effective population size that may be undetectable by traditional census 

methods. Although multiple studies have used temporal genetic analysis, they usually involve 

commercially important species, and rarely sample before and after disturbance. In this study, we use 

newly collected samples, coupled with previously characterized microsatellite data to assess the genetic 

consequences of disturbance in several populations of giant kelp (Macrocystis pyrifera) in the Southern 

California Bight. We performed a pre- and post-disturbance microsatellite analysis to look at changes 

over a 10-year period, which included the 2015/16 El Nino Southern Oscillation event. We used canopy 

biomass estimated by remote sensing (Landsat) to quantify the extent of disturbance to kelp beds, and sea 

surface temperature data to understand how kelp was pushed towards its temperature limits during this 

period. Despite prolonged periods with decreased canopy at several sites, no changes in genetic structure 

and allelic richness was observed. We discuss how deep refugia of subsurface sporophytes and cryptic 

microscopic life stages could have kept genetic diversity through disturbance, with the latter being the 

only possible mechanism in one shallow continental site. Given the increasing effects of climate change 

and uncertainty in modeling impacts of species with cryptic life history stages, we suggest further 

investigation to reveal the role such stages play in species resilience.    
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GIANT KELP GENETIC MONITORING BEFORE AND AFTER DISTURBANCE REVEALS 
STABLE GENETIC DIVERISTY IN SOUTHERN CALIFORNIA 

 

INTRODUCTION 
 

Habitats of the world's oceans and species therein are changing and projected to continue 

to alter vastly due to anthropogenic stressors, such as pollution, habitat loss, invasive species, 

and climate change (Rahel and Olden 2008, Johnston and Roberts 2009, Claudet and Fraschetti 

2010, Davidson et al. 2015, McCauley et al. 2015, Garciá Molinos et al. 2016). Predicting how 

species react to changing regimes has been of concern in species level and biodiversity 

conservation  (Bellard et al. 2012, Tilman et al. 2017). Resilience, the capacity of a system to 

absorb disturbance and reorganize to a previous state (Walker et al. 2004), is often studied by 

census and area cover changes, informed by current and historical distributions, and population 

demography (Timpane-Padgham et al. 2017). However, other essential biodiversity layers, such 

as genetic diversity, go undetected when populations recover from disturbance to previous 

census sizes. Only when temporal genetic data is collected (i.e., genetic monitoring) can putative 

reductions in genetic diversity be revealed.  

Genetic monitoring is a powerful tool that can provide ecologists with specific details 

about how populations change through time and eliminate assumptions that single time point 

studies confer (Schwartz et al. 2007). Important elements of populations,  measured using 

genetics, such as genetic diversity (i.e., allelic richness and genetic structure), connectivity (i.e., 

gene flow), effective population size, and the potential for local adaptation have been used as 

predictors of population resilience (Bernhardt and Leslie 2013, Timpane-Padgham et al. 2017). It 

has been shown that more genetically diverse populations have greater adaptive potential and 
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functioning (Reusch et al. 2005, Johnson et al. 2006, Hughes et al. 2008). When measured across 

a species range, and in conjunction with other ecological variables, ecologists can use genetic 

parameters (i.e., diversity, connectivity, effective population size) to target critical regions for 

conservation. The efficacy of using genetic measures in conservation largely depends on the 

knowledge of their stability through time. Only temporal studies can address this issue through 

empirical analysis of changes in the genetic components of populations. 

     Genetic monitoring of both captive and natural populations has been used, for 

example, to assess the stability of population structure, and its relation to both ecological (i.e., 

natural and anthropogenic) and evolutionary factors (i.e., Barcia et al. 2005, Athrey et al. 2012, 

Perrier et al. 2013, Gurgel et al. 2020). The use of historical samples in the alpine chipmunk 

(Tamias alpinus) of Yellowstone National Park revealed declines in genetic structure over a 

century as driven by climate-induced range contraction and habitat fragmentation. Other studies 

have shown stability in population structure (Tessier and Bernatchez 1999, Ruzzante et al. 2001, 

Heath et al. 2002, Hoffman et al. 2004, Saltonstall 2011, DeFaveri and Merilä 2015). A study by 

Arnaud and Laval (2004) in France revealed the stability of genetic structure in a land snail 

(Helix aspersa) over two years, despite perceived (unmeasured) disturbance from farming 

practices. The authors attributed stability to cryptic life-history traits (undetected by traditional 

census methods), such as multiple mating and sperm storage. This study hints that genetic 

monitoring can be of particular use for revealing cryptic life-history traits (Orsini et al. 2016) that 

may promote population persistence during a disturbance. 

Currently, genetic monitoring studies are typically conducted on terrestrial vertebrates 

(i.e., mammals and birds) or commercially important species (i.e., fish) (Bellinger et al. 2003, 

Schwartz et al. 2007), and few studies have been done on other important marine taxa ( Reynolds 
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et al. 2017, Gurgel et al. 2020, Manent et al. 2020). Until recently, only a few studies had applied 

genetic monitoring techniques over periods of disturbance (Gurgel et al. 2020, Holt et al. 2020, 

Manent et al. 2020), This is primarily due to the stochastic nature of disturbance events, and the 

lack of previous genetic data. The studies previously cited, revealed alarming loss of genetic 

diversity as in the case of Gurgel et al. (2020), who noted cryptic genetic loss despite 

demographic recovery. These studies express the need to use genetic monitoring to understand 

the impact disturbance has on many ecologically important marine species.  

The major habitat forming macroalgae is a group that has largely been neglected of 

genetic monitoring studies (Gurgel et al. 2020). Their ecological (Bertocci et al. 2015, Bennett et 

al. 2016, Blamey and Bolton 2018) and economic (Chung et al. 2011, Bennett et al. 2016, FAO 

2019) importance make them a key target group for conservation.  Additionally, recent work has 

already shown declines of key habitat-forming macroalgae in response to anthropogenic 

disturbance (i.e., Krumhansl et al. 2016, Smale 2020). Kelps are large brown algae that make up 

the order Laminariales. They are important foundation species, forming extensive forests in 

nutrient-rich temperate coastal regions worldwide, and provide habitat for upwards of 270 

common species (Buschmann et al. 2007). Kelp forests are among some of the most productive 

systems on earth (Mann 1973, Vilalta-Navas et al. 2018) and are important in supporting 

additional coastal and open ocean pelagic systems through detrital export (Duggins et al. 1989, 

Hobday 2000, Krumhansl and Scheibling 2012).  

As coastal ecosystems, kelp forests are exposed to a variety of anthropogenic and natural 

stressors that are both regional ( pollution, invasive species, sedimentation, harvesting, fishing, 

storm surges, disease, herbivory) and global (climate change, El Niño Southern Oscillation) 

(Steneck et al. 2002, Schiel and Foster 2015, Bennett et al. 2016). Despite reports of declining 
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populations, several kelp forests have shown a large degree of resilience (Reed et al. 2016, 

Cavanaugh et al. 2019) with fast recovery following disturbance, as they tend to colonize quickly 

and have high growth rates (Dayton et al. 1992, Ladah et al. 1999). All of the studies showing 

resilience in kelps have focused solely on changes in area cover (using remote sensing). By 

contrast, none have examined temporal changes in genetic diversity and genetic structure. 

Although there is considerable research  on kelp population genetics, only two studies have 

incorporated a temporal context (Valero et al. 2011, Wootton and Pfister 2013), and none have 

been conducted following a major disturbance.  

One species of particular interest for conservation is the habitat-forming kelp, 

Macrocystis pyrifera (giant kelp).  In southern California, much work has been done to 

understand the population dynamics of giant kelp (Deysher and Dean 1986, Reed 1990, Dayton 

et al. 1992a, Gaylord et al. 2002, 2006b, Cavanaugh et al. 2010, 2011, 2013, Castorani et al. 

2015, D. Reed et al. 2016), including genetics studies (e.g., Alberto et al. 2010b, 2011, 

Johansson et al. 2013, 2015, Castorani et al. 2017, Hargarten et al. 2019). The surface breaching 

nature of giant kelp has enabled the use of remote sensing techniques (i.e., Landsat imagery) to 

build long-term time series in canopy area coverage and biomass estimates (Cavanaugh et al. 

2010, Bell et al. 2020). Analysis from both remote sensing and fieldwork has revealed several 

environmental factors (herbivory, wave-height, light, nutrients, temperature, sedimentation and 

substrate availability) that influence the distribution and range of giant kelp in the northeast 

pacific (Cavanaugh et al. 2011, Bell et al. 2015, Young et al. 2016a). Events such as El Niño 

Southern Oscillation (ENSO) that bring warm nutrient-depleted waters can have substantial 

adverse effects on canopy biomass and are increasing in frequency and intensity (Solomon et al. 

2007, Oliver et al. 2018). Despite these events, giant kelp in southern California has historically 
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been shown to have the highest level of genetic diversity across the species range ( Macaya 

2010, Johansson et al. 2015) and exhibits resilience of kelp area coverage (Reed et al. 2016, 

Cavanaugh et al. 2019). However, kelp area resilience is uninformative about the putative cryptic 

loss of genetic diversity.  

In this study, we aim to address the lack of information on changes in genetic diversity by 

analyzing the temporal variation in genetic structure and allelic richness. We looked at changes 

that occurred over ten years, for five sites of giant kelp in the Southern California bight. We test 

the hypothesis that demographic bottlenecks produced by disturbances from 2014-2016 have 

depressed the levels of genetic diversity in giant kelp. We choose sites that differ in genetic 

coancestry, oceanographic conditions, and severity of disturbance to assess how impacts of 

disturbance may vary across the study region.  

 

 

METHODS 
 

Giant kelp is the largest and most widely distributed benthic species in the world 

(Buschmann et al. 2007). It forms large surface breaching forests along the coastline from Alaska 

to Bahia Tortugas, Mexico, at depths of up to 30 meters. As with other kelps, M. pyrifera has a 

biphasic haplodiplontic life cycle in which a large sporophyte (2N) produces spores (1N) via 

meiosis that settle on hard, rocky substrate, which then differentiates into microscopic male and 

female gametophytes (1N). Male gametophytes release motile sperm that fertilize a non-motile 

egg, retained on the female thallus. Following fertilization, the zygote develops into a blade, 

producing the next generation of sporophytes (reviewed in North 1994). Dispersal occurs mainly 

through the spore stage, in which planktonic individuals can survive for at least one week (Reed 
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et al. 1992) and may settle several kilometers from the origin. However, most spores settle within 

a few meters (Reed et al. 1992, Gaylord et al. 2006).  There is some evidence for longer dispersal 

distance by kelp rafts (Hobday 2000, Hernández-Carmona et al. 2006). However, this dispersal 

mechanism is negligible in maintaining connectivity between local populations when compared 

to spores (Reed et al. 2004, Hargarten et al. 2019). 

 

Study sites and sampling 
 

To conduct a temporal genetic analysis, we sampled five sites between 2018 and 2019 

located in three regions differing in giant kelp coancestry in the Southern California Bight, 

hereafter referred to as 2018 samples.  These had also been sampled before, in 2007 and 2008, 

and genotyped by Johansson et al. (2015) using microsatellite marker analysis, hereafter referred 

to as 2008 samples. Two of our locations are continental, Leo Carrillo, and Carlsbad, with 

one site sampled in each. Our third location was Catalina Island, where we sampled three sites 

(Fig. 1). We sampled more sites on Catalina Island because this was the location where most 

anecdotal evidence suggested a disturbance to kelp forests during the 2008 to 2018 period. 

Catalina Island belongs to a genetic coancestry group comprised of both the northern and 

southern channel island archipelagos while the northernmost continental site, Leo Carrillo, 

showed admixture between three genetic coancestry groups in Southern California (Johansson et 

al. 2015). The southernmost sampling location, Carlsbad, belonged to the Southern 

California/Baja California genetic group. We note that the 2018 site from this location is located 

30 km south of the 2018 site (San Mateo) from Johannsson et al. 2015, due to logistic constraints 

that precluded sampling the same site. Johansson et al. (2015), reported that kelp forests from a 
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large swath of the coast, south of Los Angeles to Baja California, belonged to the same genetic 

group, and all sites had similar allelic richness.   

 New sample collections (Fig. 1) occurred between January 2018 and June 2019. The 

sampling protocol involved haphazardly collecting (~n=30 per site) sporophyte blade tissue by 

snorkeling and SCUBA.  We collected tissue from individual holdfasts to ensure non-repetitive 

sampling.  Blades were either dried in silica or immediately frozen and desiccated using an 

Eppendorf Vacufuge Plus (Hamburg, Germany). 

   

Disturbance quantification 
 

There are several anecdotal reports of disturbance to kelp forests in Southern California 

from 2008 to 2018. During this period, a series of large marine heatwaves (MHW) occurred, 

starting in the summer of 2014, followed by the 2015/16 El Nino-Southern Oscillation (ENSO) 

event. On Catalina, two large storm surges hit the Island in the summer and winter of 2014. 

Additionally, the invasive algal species, Sargassum horneri, continued to spread on the Island 

and spread was likely facilitated by the ENSO event (Marks et al. 2017).  

To quantify the scale of disturbance to kelp forests in our study, we estimated 

proportional changes in surface canopy biomass from 2008 to 2018 for Leo Carrillo, Catalina 

Island, and Carlsbad using satellite data. We used surface canopy biomass derived from Landsat 

5 and 7 Thematic mapper multispectral 30-meter resolution data taken quarterly (Cavanaugh et 

al. 2010, Bell et al. 2020, available from SBC-LTER). To compare across locations and 

determine the scale of surface canopy changes, we summed biomass within a buffer surrounding 

the sampling coordinates for each year and divided by the maximum biomass observed from 
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2008 to 2018 using the GEOSPHERE v.10 R Package (Hijmans et al. 2019). We used 5, 15, and 

30 km buffers to compare the severity of local changes in biomass while controlling for 

neighboring kelp beds that could disperse individuals into studied sites (had they experienced 

different dynamics). We choose a maximum buffer of 30 km, as it well exceeds the mean 

dispersal capabilities of giant kelp (0.5-2.92 km) (Alberto et al. 2010). We averaged the 

proportions for 5 and 15 km buffers for each of the three sites on Catalina to obtain a single time-

series for the Island.  Given the size of the island and site spacing, the same 30 km buffer 

encompassed all possible habitat surrounding the three sites on the Island. For Carlsbad, we 

averaged the 5, 15, and 30 km proportions between the 2008 and 2018 sample sites. Differences 

in distances for biomass changes between the three spatial buffers were compared with Pearson's 

correlations. 

The number of marine heatwaves and their duration were quantified for January 2008 to 

December 2018. We also calculated the time each site experienced above a conservative species 

threshold, defined as above 22⁰C. We choose this threshold as populations near the southern 

edge of giant kelps distribution appears to have reduced biomass above this threshold (Ladah et 

al. 1999). We used daily temperature from January 1984 to December 2019, obtained from the 

National Climatic Data Center Optimal Interpolation Sea Surface Temperature (OISST) dataset 

(Banzon et al. 2016),  to produce a climatology baseline for determining temperature anomalies. 

We estimated the quantity and duration of marine heatwaves as in Hobday et al. (2016) and the 

number of events lasting five consecutive days above a species threshold of 22 ⁰C from 2008 to 

2018 using the heatwaveR v. 0.4.2 R package (Schlegel and Smit 2018).  
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Genotyping  
 

DNA was extracted using the NucleoSpin 96 Plant Kit II (Macherey-Nagel, Duren, Germany) 

with standard protocols. Six microsatellite loci (Mpy-8, Mpy-14, BC-4, BC-18, BC-19, BC-25) 

were examined, following modified PCR protocols in Alberto et al. (2009). PCR product 

fragment sizes were determined on an ABI 3730 FVNPL (Applied Biosystems) using GeneScan-

500 LIZ as a size standard (at the UW-Wisconsin Biotechnology Center). We scored alleles 

using STRAND v. 2.4.110 and binned them using the MsatAllele v. 1.0.4  R package (Alberto 

2009). 

 

Population genetics summary statistics 
 

To compare changes in allelic richness between sample periods, we standardized sample 

size at n=15 samples for both 2008 and 2018 samples, using the StandArich R package v. 1.00 

(Alberto 2005). We tested for significant temporal changes in richness across all sites using a 

non-parametric Wilcoxon signed-rank test (Arnaud and Laval 2004). Additionally, we tested for 

population bottlenecks at all sites, for both 2008 and 2018 samples, using BOTTLENECK v. 

1.2.02 (Piry et al. 1999). This approach aims to detect the predicted heterozygosity-excess 

following a demographic bottleneck and loss of rare alleles; observed heterozygosity values are 

compared with those from simulated populations at mutation-drift equilibrium. We used a two-

phase model (TPM) with a 30% variance and a 70% proportion stepwise mutational model 

(SMM). Deviations from mutation-drift equilibrium were tested with a Wilcoxon rank sign test 

and run for 10,000 iterations. We applied a Bonferroni correction to all p-values to control for 
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multiple testing. We calculated general population genetics statistics such as expected and 

observed heterozygosity, as well as FIS (inbreeding coefficient) for 2008 and 2018 data using 

GENETIX v 4.05.2 (Belkhir et al. 2004). We calculated FIS using a permutation test consisting 

of 1,000 permutations. We estimated Fisher's probability of deviations from Hardy-Weinberg 

equilibrium using a Markov chain Monte Carlo method (Ayres and Balding 1998) with 10,000 

dememorizations steps, 1,000 batches, and 5,000 iterations in the GENEPOP v. 4.7.5 (Raymond 

and Rousset 1995, Rousset 2008). We applied a Bonferroni correction to all Fisher’s 

probabilities to control for multiple testing.  

  

Genetic differentiation and spatial structure 
 

We calculated pairwise FST (fixation index) between all paired 2008 and 2018 sites, and 

associated p-values, using an exact G-test with default settings in GENEPOP v.4.7.5.  To 

visualize changes in genetic differentiation between 2008 and 2018 data, we used a factorial 

correspondence analysis (FCA) performed in GENETIX v. 4.05.2. We included all Southern 

California sites analyzed in Johannsson et al. (2015) in the FCA analysis to visualize how the 

2018 sites were ordered compared to 2008 ones in the context of a large number of sites.  We 

estimated individual genetic coancestry using STRUCTURE v. 2.3.4 for all specimen in 2018 

and 2008 samples (Pritchard et al. 2000). Given that the 2008 samples in our study belonged to 

two of the genetic coancestry clusters identified in Johansson et al. (2015), we ran the current 

analysis for K=2-3 with 2008 and 2018 samples run separately. The run at K=3 revealed no 

additional structure, so K=2 was used in this analysis. We used parameters that included an 

admixture model with allele frequencies correlated across populations and an initial burn-in 

period of 250,000 and 750,000 reps post burn-in. To compare 2008 and 2018 samples, we 
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produced bar plots in R v.3.6.2 (R Core Team 2019) of individual proportion assignment to each 

cluster (K=2) and visually compared pairwise differences for each site.  

 

RESULTS 
 

 Disturbance quantification with Landsat and temperature analysis 
 

Giant kelp canopy coverage varied on both intra- and interannual time scales at all 

locations from 2008 to 2018. With marine heatwave events from 2014 to 2016, all locations 

showed seasonal reductions in canopy coverage, especially Catalina Island and Carlsbad (Fig. 2).  

Reduction in canopy biomass was variable among locations in both magnitude and duration. Leo 

Carrillo had the lowest peak biomass values in the summers of 2015 and 2016, but recovered 

quickly in the summer of 2017, never declining below 17% of maximum biomass. Following the 

ENSO event, Leo Carrillo reached maximum biomass in the summer of 2018 (Fig. 2). Catalina 

Island and Carlsbad, however, showed substantial reductions in biomass for extended periods 

(Fig. 2; Table 2); Catalina experienced two and a half years with biomass below 10% of the 

maximum, from summer 2014 to the end of 2016 (winter) (Fig. 2; Table 2). Some canopy 

recovery occurred on Catalina in the spring of 2017 but remained below 32% of the maximum 

biomass observed in the period studied (Fig. 2). Carlsbad had reduced biomass in the fall of 2014 

with minimal recovery until the end of the time-series. Peak biomass during this period occurred 

in the fall of 2015 and summer of 2018 (11% of max, 30 km buffer), but remained well below 

pre-disturbance canopy coverage (Fig. 2; Table 2). Correlations were high (R > 0.94) between 5, 

15, and 30 km buffers for all locations (Table 2), suggesting that canopy changes were 

synchronous at spatial scales of at least 30 km. 
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Between sampling periods from 2008 to 2018, all three locations experienced multiple 

heatwaves (as defined by Hobday et al., 2016) and exceeded periods above the conservative 

temperature tolerance for giant kelp of 22 ⁰C (Table 2). However, locations varied in the 

quantity and duration of both MHWs and events ≥ 22 ⁰C. Between 2014 and 2016, Leo Carrillo 

had a total of 15 MHW events, in which 43% of days met the criteria for marine heatwaves 

(Hobday et al., 2016). The longest event in Leo Carrillo was 93 days long, from January to 

March of 2015, but was half as long as Catalina and Carlsbad’s' longest events (Fig. 2; Table 2). 

From 2008 to 2018, Leo Carrillo had several events that exceeded 22 ⁰C, the longest of which 

lasted 52 days in April and October of 2015. Catalina experienced similar trends in the total 

number of MHW events and heatwave days but had a long MHW event that well exceeded that 

of Leo Carrillo and Carlsbad. This MHW event lasted for 235 days from the summer of 2014 to 

the spring of 2015 (Table 2). Catalina also had multiple events that exceeded 22 ⁰C, and the 

longest was of the same duration as Leo Carrillo (Table 2). Carlsbad also showed similar trends 

in the total number of MHW events, but experienced more days in marine heatwaves, with the 

longest lasting 188 days from the fall of 2014 to spring of 2015. The number of days exceeding 

species threshold well exceeded Catalina and Leo Carrillo, with the longest-lasting for 76 days 

from August to October of 2015 (Table 2).  

 

Temporal analysis of genetic diversity 
 

Despite canopy coverage loss at all sites and substantial reductions on Catalina and 

Carlsbad, all five sites showed little change in within and among-population genetic diversity 

following disturbance. The mean difference in standardized allelic richness between 2008-2018 

paired sites was 0.43 ± 0.35 (mean alleles per locus ± sd, for n=15, Table 1; Fig. 3). There was 
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no significant change in allelic richness between paired sites across sample periods (Wilcoxon 

sign test: p= 0.1875). Sites retained a high level of allelic richness (mean= 7.84 alleles per locus 

with n standardized to 15, sd= 0.45), maintaining a pattern of high genetic diversity towards the 

southern distribution of the species (Johansson et al. 2015). Additionally, BOTTLENECK did 

not suggest signs of heterozygosity excess in any of the 2008 or 2018 samples (Wilcoxon sign 

test: p < 0.34).   

Pairwise comparisons of genetic differentiation between sampling periods showed that 

there was little change in genetic structure following the ENSO event. Pairwise FST values were 

significant, except for Carlsbad (Table 3). The lowest FST values occurred between the same sites 

temporally (mean =0.01 ± 0.006), except for the 2018 samples for both Catalina backside sites 

(CIB and CIR) being lower than either was to their 2008 samples (Table 3). The ordination of 

microsatellite alleles (FCA) showed paired sites residing adjacent to one another in the same 

genetic groups (Fig. 4). Catalina remained in a coancestry group containing the northern and 

southern Channel Islands, while Leo Carrillo and Carlsbad clustered with the Southern 

California/Baja California group (Fig. 4). Comparison of STRUCTURE results between sample 

periods revealed that individual genetic assignment remained similar over time (Fig. 5). The 

majority of individual proportions for Leo Carrillo and Carlsbad assigned to one cluster and 

Catalina individuals for all sites to a separate cluster. 

 

 

DISCUSSION 
 

In a pre- and post-disturbance analysis on three giant kelp populations in the Southern 

California Bight, we observed that despite profound disturbance, from marine heatwave events 
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and temperatures above a 22 ⁰C species threshold, there was no change in allelic richness nor 

evidence for genetic bottlenecks within kelp beds, and genetic differentiation among them 

remained unchanged. Additional anecdotal evidence from two large storm surges in 2014 and an 

increase in the abundance of the invasive alga, Sargassum horneri (Marks et al. 2015), suggested 

Catalina may have received greater disturbance than other locations. However, we reject this 

notion, as Catalina had more canopy recovery than Carlsbad following disturbance regimes from 

2014 to 2016. These results support several hypotheses concerning the maintenance of genetic 

diversity and structure of giant kelp in southern California and provide a clear example where 

cryptic genetic diversity was stable despite the demographic decline of the macroscopic stage. 

The stability of allelic richness and genetic structure in M. pyrifera between 2008 and 

2018 implies that populations in this region maintained drift-gene flow equilibrium and have a 

large effective population size, despite major canopy reductions at Catalina and Carlsbad.  The 

fact that FST remained lowest within sites, across time, indicates that recruitment occurred mostly 

from population self-replenishment instead of migration into unoccupied space. The only 

exception to this was the two backside sites on Catalina (CIR and CIB), where geographic and 

genetic distance (lower FST) between sites was minimal. Samples collected in the same year had 

comparably lower FST values than temporally spaced samples within the same CIR and CIB site.  

Given these sites are both on Catalina, and are relatively close (~10km), it is likely that we have 

insufficient power to detect genetic distances on such small spatial scales. Overall, the observed 

pattern of stability between three locations (Leo Carrillo, Catalina, and Carlsbad) supports the 

maintenance of historical gene flow, independent of canopy biomass reductions, suggesting that 

gene flow occurs intermittently between populations over long periods.  
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Previous analysis in both the Santa Barbara Channel and Southern California showed that 

genetic differentiation among giant kelp beds can be predicted mainly by both oceanographic 

distance and habitat continuity (Alberto et al. 2010, Alberto et al. 2011, Johansson et al. 2015). 

Given the large swaths of ocean between sites, it is conceivable that habitat discontinuity plays a 

large role in limiting dispersal probability between Island and continental populations. 

Additionally, there is evidence of the potential for isolation by environment between giant kelp 

populations in the Southern California Bight, which may further limit gene flow (Kopczak et al. 

1991, Johansson et al. 2015).  Given the unaltered gene flow between our populations, we can 

infer that to maintain drift-gene flow equilibrium populations must have maintained a high 

effective population size during disturbance events to counteract the effects of drift.  

The effect of drift is most profound in isolated populations with small numbers of 

individuals and is most easily detected as a reduction in allelic richness (Frankham 2005). Our 

study showed that all populations maintained their historic allelic richness, with little evidence 

for a genetic bottleneck, despite variation in canopy biomass reductions. Our Landsat and 

temperature analyses showed that Leo Carrillo experienced lesser disturbance than both Carlsbad 

and Catalina. Leo Carrillo retained at least some canopy during disturbance regimes, while 

Carlsbad and Catalina showed major reductions for more than two and a half years. Recruitment 

and maintenance of large effective population size at Leo Carrillo can conceivably be explained 

by remaining adult sporophytes that survived temperature anomalies and recruited spores locally. 

The prolonged absence of canopy at both Carlsbad and Catalina, however, makes the 

mechanism for the maintenance of a high effective population size less clear. Two possible 

mechanisms, elusive to Landsat census, could explain the maintenance of large effective 

population size. Given the nature of remote sensing in an aquatic environment, our biomass 
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quantification might be biased as Landsat does not detect sub-surface juvenile sporophytes.  It is 

possible that disturbance was not severe enough to affect sub-surface individuals. Another 

possibility is that local populations survive extended periods of disturbance through more 

tolerant microscopic life stages, such as embryonic sporophytes or gametophytes. These stages 

may resist growth (juvenile and embryonic sporophytes) or reproduction (gametophytes) until 

conditions return favorable for canopy-forming sporophytes (Ladah et al., 1999, Kinlan et al. 

2003, Carney and Edwards 2006, Ladah and Zertuche-González 2007).    

 A unique aspect of the 2015/16 ENSO event is that it was not associated with the onset 

of large storm surges throughout the region (Reed et al. 2016), which is a major factor 

controlling the presence of giant kelp (Cavanaugh et al. 2011; Young et al. 2016). However, 

anecdotal evidence of storm surge impacts on Catalina in 2014, along with the delay of recovery 

despite favorable growth conditions in the spring of 2015 hints towards the absence of at least 

shallow subsurface individuals. Storms would have likely removed shallow sub-surface 

individuals, increased sedimentation, and limit recruitment around Catalina. Recruitment on the 

Island in shallow water could also have been limited by competition with the introduced and 

more temperature tolerant Sargassum horneri (Sullaway 2017). Together these mechanisms 

imply that surviving giant kelp on the Island would be limited to deeper habitat. Catalina and 

other island populations of Macrocystis can occur much deeper than their continental 

counterparts, as increased light penetration enables deeper colonization. It is possible that 

individuals survived deeper, escaping storm effects, competition, and persisted with nutrients 

influx from internal waves below the thermocline (Zimmerman and Kremer, 1984). Such 

observations of deep refugia have been previously noted in a Baja, Mexico population of 

Macrocystis during the 1997/1998 ENSO (Ladah Zertuche-González 2004), and in other kelp 
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species (Assis et al. 2016, Graham et al. 2007).  Observations of initial deep individuals on the 

Island following the 2015/16 ENSO, supports this hypothesis (Personal Observation). Canopy 

typically reforms within six months of removal (Schiel and Foster, 2015), making it less likely 

that subsurface adult sporophytes were soley responsible for the maintenance of large effective 

population size, as both Catalina and Carlsbad had minimal canopy for two and a half years. This 

mechanism is even less likely to have occurred at Carlsbad, where light availability would limit 

the growth of giant kelp in deeper depths. 

 Alternatively, genetic diversity may have been maintained through a bank of 

gametophyte or embryonic sporophyte stages, or both, that delay their development in poor 

conditions.  Evidence of recruitment from such delayed development stages comes from both 

laboratory and field-based studies and has good support in other brown algae (Edwards 2000, 

Santelices et al. 2002, Barradas et al. 2011). However, this remains a topic of controversy for 

giant kelp. Laboratory studies have shown that both gametophyte and juvenile sporophytes can 

be induced into a state of dormancy, either by limited nutrients or altered light conditions and 

resume reproduction and growth when sufficient conditions are reestablished (Kinlan et al. 

2003). Carney (2011), showed that laboratory-reared giant kelp gametophytes could resume 

sexual reproduction following a dormancy state for seven months. Although several field studies 

have demonstrated the role of dormant microscopic stages in sporophyte recruitment during 

population recovery (Barradas et al. 2011, Carney et al. 2013), it is unknown how long such 

stages can survive in the wild and how much they contribute to standing population recruitment. 

Other studies have found no evidence for giant kelp recruitment via delayed microscopic stages 

(Deysher and Dean 1986, Reed et al. 1997). Reed et al. (1997) compared sporophyte recruitment 

on substrate out planted for varying lengths of time and suggested recruitment should be higher 
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on substrate out planted longer if dormant stages exist. Their findings suggest the majority of 

sporophyte recruitment occurred from recently released spores and not dormant stages. 

Additionally, other field studies suggest gametophyte stages can survive only for short periods in 

the field (Deysher and Dean 1986, Reed et al. 1994).  However, these studies did not look at the 

contribution of dormant stages to recruitment following extreme environmental conditions, such 

as ENSO, or the potential for variation in dormancy capacity between different populations.  

In comparison to adult sporophytes, the microscopic life-history stages of giant kelp are 

more tolerant of extreme environmental conditions (Schiel and Foster 2015) and may be critical 

in population persistence during unfavorable conditions for adult sporophytes. For example, the 

intertidal red algal species, Gigartina papillate, exhibits an alternative life-history stage, that is 

resistant to herbivores during periods of high grazing pressure, and alternates with a fleshy stage 

when grazer densities are low (Slocum 1980).  Well established examples of such strategies 

during periods of stress exist in both terrestrial (Pake and Venable 1996) and marine systems 

(Maier 1990, Dahms 1995), including other kelp taxa (Edwards 2000). Following the 1997-1998 

El Nino event, Ladah et al. (1999) reported giant kelp sporophyte recruitment in Baja California, 

after a 7-month absence of adult sporophytes, with the nearest source population of adult 

sporophytes over 100 km away (further than spore dispersal capability) (Ladah et al. 1999). 

Given this, they proposed that recruitment occurred via local gametophyte or embryonic 

seedbanks. In the current study, although population persistence on Catalina could be explained 

via a deep refugium, it is much less likely at Carlsbad, where giant kelp depth distribution is 

limited by high light extinction. This supports that the maintenance of genetic diversity and 

structure at Carlsbad was maintained by either a juvenile sporophyte or gametophyte seed bank.  
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Although our study demonstrates that genetic diversity within and among beds of giant 

kelp in the Southern California Bight was unaltered, it underlines the importance of 

understanding the mechanisms responsible for population persistence and how they may differ 

across an individual species distribution (Cavanaugh et al. 2019). For species with limited spatial 

dispersal, such as many marine and terrestrial plants, temporal dispersal through cryptic life 

cycle stages, may play an essential role in the persistence of populations. Such may be the case 

of giant kelp along the southern edge of its northeastern Pacific distribution where population 

isolation is higher, temperature tolerance limits are closer, and nutrient limitations occur, in 

particular during ENSO events (Ladah and Zertuche-González 2007). A push to understand the 

mechanisms of resilience is paramount, as we are already seeing the damaging effects of climate 

change in both other populations of giant kelp (Wernberg et al. 2015, Arafeh-Dalmau et al. 2019, 

Cavanaugh et al. 2019), and other kelp taxa (Rogers-Bennett and Catton 2019, Smale 2020). 

Furthermore, recent work shows the potentially damaging effects of climate change on 

microscopic stages (Hollarsmith, 2019). However, little is known about how future sea surface 

temperature models relate to the rocky benthos where these stages reside. More information is 

needed to understand where seedbanks play a role in population persistence, and how long they 

can survive without a large adult population to replenish them.  

With such uncertainty of the impact of climate change on kelp systems, gametophyte 

banking is a valuable tool that may aid in both the restoration of future populations and further 

understanding of cryptic life-history stages (Wade et al. 2020).  By housing kelp gametophytes 

and other macroalgal taxa in dormant stages, we can maintain a genetically diverse collection of 

individuals, that can be used to reseed threatened populations. This approach has already been 

implemented in terrestrial seed collections held by many botanical institutions (Dooren 2010) but 
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is still in its infancy in their marine analogs. Our study highlights the need to establish such 

collections while genetic diversity remains. These collections can be used in both laboratory and 

field-based studies to understand variability in the niches of microscopic stages and can help 

target specific traits that may promote resilience for future populations (Coleman et al. 2020). 

 Although tools such as gametophyte seed banking are promising, genetic monitoring is 

still an underutilized tool in marine conservation (Reynolds et al. 2017, Manent et al. 2020). 

Currently, there are few studies to date have utilized temporal genetic analyses in important land 

plants, let alone marine macrophytes (i.e., Gurgel et al., 2020). Such data, used in conjunction 

with other methods, such as remote sensing and in-situ survey, can decrease the uncertainty 

associated with isolated studies. In doing so, wildlife managers can more accurately detect where 

vulnerable populations exist and what traits drive resilience.  
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FIGURES 

 

 

Figure 1. Map showing M. pyrifera resampled locations in the Southern California Bight. Colors 
represent three genetic coancestry groups described by Johansson et al. (2015), including one 
region of admixture (brown): Continental Santa Barbara (orange), Northern and Southern 
Channel Islands (gray) and Southern California/Baja California (purple) groups. The 2018 sampl 
location for Carlsbad is located 30 km SE of the 2008 location.  Note that giant kelp beds do not 
occur continuously along the colored regions. 
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Figure 2. Normalized M. pyrifera canopy Biomass (30 km) and Marine Heatwave (MHW) 
events from 2008 to 2018/19 for Leo Carrillo, Catalina Island (averaged over different 
locations), and Carlsbad (averaged over 2008 and 2018/19 locations). Canopy biomass is shown 
quarterly and normalized by the quarter of maximum biomass from 2008 to 2018/19 (black). 
Temperatures (Blue) are shown as monthly means relative to the MHW threshold (gray). Shown 
in red are periods when the mean monthly temperature exceeded a conservative species tolerance 
threshold of 22 ⁰C. 
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Figure 3. Pairwise comparisons of standardized microsatellite allelic richness (n=15) between 
2008 and 2018/19 M. pyrifera samples at each of the three locations sampled in Southern 
California. No significant change in allelic richness was found between sampling periods 

(Wilcoxon: p= 0.1875)  
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Figure 4. Factorial Correspondence Analysis (FCA) of M. pyrifera microsatellite alleles using 
GENETIX v. 4.05.2. 2008 and 2018/19 samples represented with circles and triangles, 
respectively. Black filled symbols are for 2008-2018/19 specific comparisons made in this study 
while open symbols are for additional 2008 samples from Johansson et al. (2015) used here to 
represent the spatial genetic structure of sites compared here in the overall regional context. The 
outline color in symbols represents the genetic coancestry clusters identified in Johansson et al. 
(2015) using STRUCTURE. 2008 and 2018/19 samples clustered together, reflecting minor 
temporal changes in genetic structure. 
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Figure 5. Structure analysis (STRUCTURE v. 2.3.4) comparison of M. pyrifera for K=2 clusters 
of 2008 and 2018/19 sites. Bars represent proportions of individual genetic assignment to two 
different clusters of genetic coancestry. Individual genetic assignments for all sites did not 
change temporally during the period studied.  
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Table 1. Population genetics summary statistics for M. pyrifera temporal genetic diversity for five sites in Southern California. The 
table includes: population with code, sample year, latitude and longitude, sample size (n), standardized allelic richness (AR), Wilcoxon 
rank test for bottleneck (PB), non-biased expected heterozygosity (Hnb), observed heterozygosity (Hobs), inbreeding coefficient (FIS), 
Fisher's exact test for Hardy Weinberg equilibrium p value (P). 

*Bonferonni Correction PB and P: P < 0.005 

Population (Code) 
Sample 

Year Latitude Longitude 
n 

AR PB Hnb Hobs FIS P 

Leo Carrillo (LCA-08) 2008 34°2'34.56"N 118°56'4.20"W 27 8.07 0.4218 0.7745 0.6232 0.1991 0.0004* 

Leo Carrillo (LCA-18) 2018 34°2'34.56"N 118°56'4.20"W 27 7.12 0.9453 0.7246 0.6211 0.1462 0.0017* 

Catalina Island Backside 1 (CIB-08) 2008 33°20'2.76"N 118°29'16.68"W 40 8.28 0.7188 0.7742 0.723 0.0669 0.007 

Catalina Island Backside 1 (CIB-19) 2019 33°20'2.76"N 118°29'16.68"W 40 8.08 0.7188 0.7218 0.6553 0.0933 0.0617 

Catalina Island Backside 2 (CIR-08) 2008 33°25'45.72"N 118°31'49.32"W 40 7.89 0.7188 0.7308 0.6869 0.0608 0.4604 

Catalina Island Backside 2 (CIR-19) 2019 33°25'45.72"N 118°31'49.32"W 40 8.48 0.3438 0.7606 0.6611 0.1325 0.0006* 

Catalina Island Quarry (CIQ-08) 2008 33°26'32.51"N 118°28'20.88"W 39 7.79 0.5781 0.7372 0.7415 -0.0059 0.9863 

Catalina Island Quarry (CIQ-19) 2019 33°26' 26.16"N 118°27' 45.00"W 39 7.83 0.7188 0.7471 0.6704 0.1042 0.0025* 

Carlsbad (CBD-08) 2008 33°22'4.00"N 117°35'24.40"W 35 8.12 0.7188 0.7756 0.7353 0.0527 0.0044* 

Carlsbad (CBD-18) 2018 33°9' 27.86"N 117°21' 36.14"W 35 7.73 0.7813 0.7689 0.6868 0.1083 0.0028* 

2
6
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Table 2. Summary statistics for M. pyrifera canopy biomass (Landsat) and marine heatwave 
(MHW) analysis. All canopy biomass proportions are based off 30 km buffers, with proportions 
averaged across all Catalina Island sites, and the 2018/19 and 2008 Carlsbad locations. Note: 
AMB = annual max biomass 

Location (Site) Leo Carrillo (LCA) Catalina Is. (CIB, CIQ,CIR) Carlsbad (CBD) 

Buffer Correlations    
5 and 15 km 0.98* 0.98* 0.98* 

5 and 30 km 0.94* 0.95* 0.96* 

15 and 30 km 0.97* 0.99* 0.99* 

Biomass Summary (30 km)    
Min Annual Max Biomass 0.17, 2016 0.01, 2016 0.02, 2016 

Mean AMB Pre 2014 0.64 ±0.23  0.76 ± 0.21 0.59 ± 0.27 

Mean AMB Post 2014 0.42± 0.34 0.2 ± 0.17 0.19 ± 0.27 

Mean AMB 2014-2016 0.25 ± 0.25 0.12 ± 0.18 0.26 ± 0.35 

Mean Biomass Post 2014 1.0 Summer 18 0.375, Fall 18 0.12, Summer 18 

Duration <10% Max (years) 0 2.5, Summer 14-Winter 16 2.5, Winter 15-Spring 18 

Marine Heatwave Summary    
Total MHW Events 22 27 26 

Total Duration (days) 599 595 654 

MHW Events 2014-2016 15 16 13 

Days of MHW 2014-2016 472 481 473 

Largest Marine Heatwave    
Date of Max MHW Jan 5 - Mar 14, 2015 Aug 30, 2014 - Mar 26, 2015 Oct 3, 2014 - Apr 8, 2015 

Duration of Max MHW (days) 93 235 188 

Mean intensity MHW  2.2 2.08 2.05 

Max intensity MHW  3.7 3.39 3.4 

Species Threshold Summary    
Total Events 6 3 15 

Total Duration (days) 120 117 392 

Largest Event >22    
Date Sep 6 - Oct 10, 2015 Sep 8 - Oct 29, 2015 Aug 14 - Sep 12, 2015 

Duration (days) 52 52 76 

Mean Temperature (⁰C) 22.9 23.0 23.4 

Max Temperature 24.3 24.3 24.8 
* Pearson's Correlation probability <0.05.  
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Table 3. Pairwise FST with G-test of significance computed in GENEPOP v. 4.7.5. All FST values 
are for 2008 (-08) and 2018/19 (-18; -19) sites of M. pyrifera in Southern California sampled in 
2008 and 2018/19, respectively. The lowest FST values occurred between 2008 and 2018/19 
samples for the same site, apart from the two backside sites on Catalina (CIB and CIR). 

 LCA-08 LCA-18 CIB-08 CIB-19 CIR-08 CIR-19 CIQ-08 CIQ-19 CBD-08 

LCA-18 0.0117*         

CIB-08 0.0535** 0.0530**        

CIB-19 0.0849** 0.0616 ** 0.0090*       

CIR-08 0.0603** 0.0385** 0.0169** 0.0133**      

CIR-19 0.0646** 0.0515** 0.0210** 0.0089* 0.0193**     

CIQ-08 0.0849** 0.0774** 0.0325** 0.0472** 0.0422** 0.0428**    

CIQ-19 0.0748** 0.0710** 0.0288** 0.0351** 0.0388** 0.0342** 0.0059*   

CBD-08 0.0617** 0.0689** 0.0692** 0.0868** 0.0772** 0.0754** 0.0668** 0.0623**  

CBD-18 0.0628** 0.0783** 0.0666** 0.0890** 0.0790** 0.0814** 0.0807** 0.0694** 0.0009† 

*Significance at the 0.05 probability level. **Significance at probability level <0.001. †Non-significant. 
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APPENDICES 
 

Appendix A: R Code for determining normalized canopy biomass from 2008-2018 
 

#The following script uses Quarterly Landsat Canopy Biomass data obtained from (Bell et 
#al.,2020) to achieve a time series  

#of summed canopy biomass proportional to the quarter with the largest biomass between 

2008 and 2018. Three buffers of 5, 15 and 30 km are used to select  
#cells to sum within a site. See page 12 for more details 

 

#Load R package geosphere v. 10 R Package (Hijmans et al.,2019) 

library(geosphere) 
 

options(digits=10) #Makes sure R grabs all decimals for coordinates 

 
#Reads in Appropriate Data set of Quarterly Landsat Canopy Wet Biomass (kg) from 2008 to 

2018  

#buffered at 30 km around each sample location (Bell et al., 2020). 
 

#Leo Carrillo data 

data<-read.delim("Leo_Carrillo_2008_2018_RevisedHeader.txt",header=T,na.strings = "NaN") 

 
#Catalina Island data 

data<-read.delim("Catalina_2008_2018_RevisedHeader.txt",header=T,na.strings = "NaN") 

 
#Carlsbad data 

data<-read.delim("CBD_2008_2018_RevisedHeader.txt",header=T,na.strings = "NaN") 

 
#San Mateo data 

data<-read.delim("San_Mateo_2008_2018_RevisedHeader.txt",header=T,na.strings = "NaN") 

 
#Number of quarters 

nquarts<-ncol(data)-2 

 

#Sample site Coordinates in decimal degrees of Longitude and Latitude respectively. Note 
Calculations are done for 

#each individual site separately for all three buffers (5,15 and 30 km) using the same 

code. See p.12 for rational of 
#calculations for each sample location.  

 

longlat<-c(-118.934500, 34.042933) #Leo Carrillo 
longlat<-c(-118.450127,33.397824) #Catalina All for 30km buffer 

longlat<-c(-118.483167,33.343600) #Catalina Island Backside 1 (CIB) 

longlat<-c(-118.530367,33.429367) #Catalina Island Backside 2 (CIR) 

longlat<-c(-118.472467,33.442364) #Catalina Island Quarry (CIQ) 
longlat<-c(-117.590111,33.367778) #Carlsbad Old (CBD-OLD) (Originally San Mateo (SMA) in 

#Johansson et al. (2015)) 

longlat<-c(-117.360039,33.157740) #Carlsbad New (CBD-NEW) 
 

#Starting here each calculation for the above sample site coordinates is done  

#seperatly using their respective data set from above.  
 

#Measuring different distances from central cell 

cellCoords<-matrix(c(data$Lon,data$Lat),ncol=2) 
 

spatdis<-distVincentyEllipsoid(longlat,cellCoords) 
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#Indexing Only Data within the specified distance (buffer) 
data5<-data[spatdis<=5000,] #5 km buffer 

 

data15<-data[spatdis<=15000,] #15 km buffer 
 

data30<-data[spatdis<=30000,] #30 km buffer 

 

#Summing all cells for each buffer seperatly and Normalizing (diving) all values by the 
#maximum biomass year from 2008-2018  

 

#5 km buffer 
sum5<-apply(data5[,-c(1,2)],2,sum,na.rm=T) #Sum canopy biomass per quarter 

 

PropmaxBiomass5<-sum5/max(sum5) #Normalizing by maximum canopy biomass year 
 

#Repeating for 15 km Buffer 

sum15<-apply(data15[,-c(1,2)],2,sum,na.rm=T)  

 
PropmaxBiomass15<-sum15/max(sum15) 

 

#Repeating for 30 km Buffer 
sum30<-apply(data30[,-c(1,2)],2,sum,na.rm=T) 

 

PropmaxBiomass30<-sum30/max(sum30) 
 

#Renaming biomass objects and producing a single data frame of total canopy biomass and 

normalized biomass for one site 
Biomass_5<-sum5 

PropBiomass_5<-PropmaxBiomass5 

 

Biomass_15<-sum15 
PropBiomass_15<-PropmaxBiomass15 

 

Biomass_30<-sum30 
PropBiomass_30<-PropmaxBiomass30 

 

Alldata<-cbind(Biomass_5,PropBiomass_5,PropBiomass_15,Biomass_30,PropBiomass_30) 
 

#Exporting data frame of total canopy biomass and normalized canopy biomass for 5,15 and 

#30 km buffers from 2008-2018. 

write.csv(Alldata,"All_2008_2018_CBD_Processed.csv") #Using CBD-NEW as an example 
 

#####The script above was repeated for each sample site coordinate with their respective 

datasets.#####  
 

#Note: Post processing occurred in excel to achieve mean canopy biomass proportions for 

#Catalina and Carlsbad Sites. 
#A mean proportion across all sites (CIB,CIR,CIQ) was taken for 5 and 15 km buffers on 

#Catalina and 5,15 and 30 km buffers for Carlsbad (CBD-NEW and CBD-OLD). See  

#page 12 for more information. 
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Appendix B: R code for sea surface temperature analysis and Figure 3 plot 
 
#The following code uses daily temperature from January 1984 to December 2019 obtained 

#from the National Climatic Data Center Optimal Interpolation Sea Surface Temperature 

#(OISST) dataset (Banzon et al.,2016) and  

#the heatwaveR v. 0.4.2 R package (Schlegel and Smit, 2018) to detect Marine Heatwave 
#events (MHW) based on Hobday et al. (2016) definition 

#and detects events occurring above a conservative species threshold of 22 degrees 

#celcius. This code is also used to plot Figure 3.  
 

#Load necessary packages 

library(heatwaveR) 
library(lubridate) 

library(dplyr) 

options(stringsAsFactors = FALSE) 

 
#Read appropriate daily SST data set 

data<-read.delim("dataLCA.txt") #Leo Carrillo 

 
data<-read.delim("dataCI_avg.txt") #Catalina Island 

 

data<-read.delim("dataCBD_avg.txt") #Carlsbad (CBD-OLD and CBD-NEW average) 
 

#Setting time column as a date object 

data$t<-as.Date(data$t) 
 

#Produce climatology data Baseline from 1984-2019 

dclimdata<-ts2clm(data,x=t,y=temp,climatologyPeriod = c("1984-01-01","2019-12-31")) 

 
#Detect Marine heatwave events 

detecteventdata<-detect_event(dclimdata) 

 
#Detect events exceeding a species threshold of 22 degrees Celcius 

data22<-exceedance(data,threshold=22) 

 
#Writing a dataframe of all detected MHW events and Species threshold events respectivly 

#from 1983-2019  

write.csv(detecteventdata$event,"CBD_events.csv") #example location CBD 

write.csv(data22$exceedance,"CBD_exceedance.csv") #example location CBD 
 

#Note all descriptive statistics for MHW events and Species Threshold events in Table 2  

#were calculated in Microsoft excel using the data frames exported above. 
 

######The folloing code was used to prepare data for Figure 3###### 

 
#Indexing detecteventdata object (MHW events) to only include values occuring from 2008-

2018 

detecteventdata_08<-droplevels(detecteventdata$climatology[8767:12784,]) 
 

#############Calculating monthly averages for SST, MHW threshold and Species threshold 

#from 2008-2018########## 

 
#creating month column 

detecteventdata_08<-detecteventdata_08 %>%  

  mutate(month=month(t)) 
 

#creating year column 
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detecteventdata_08<-detecteventdata_08 %>%  

  mutate(year=year(t)) 
 

#calculating mean monthy SST 

data_temp_bymonth <-detecteventdata_08 %>% 
  group_by(year, month) %>% 

  summarise(avg_temp = mean(temp)) 

 

#calculating mean monthly MHW threshold 
data_thresh_bymonth <-detecteventdata_08 %>% 

  group_by(year, month) %>% 

  summarise(avg_thresh = mean(thresh)) 
 

#Combining all above vectors in a single dataframe 

data_bymonth<-
cbind(data_temp_bymonth$year,data_temp_bymonth$month,data_temp_bymonth$avg_temp,data_thre

sh_bymonth$avg_thresh) 

colnames(data_bymonth)<-c("year","month","temp","thresh") #Renaming Columns 

 
data_bymonth<-as.data.frame(data_bymonth) #setting as class dataframe 

 

######################################################################### 
 

#Adding a new column representing date  

data_month<-data_bymonth %>% 
  mutate(month2 = as.Date(paste0(year,"-", month,"-15"),"%Y-%m-%d"))  

 

#Adding 22 degrees threshold column 
data_month<-data_month %>% 

  mutate(sp_thresh=rep(22,132)) 

 

#Calculating the difference between mean monthly SST and the MHW threshold 
data_month<-data_month %>% 

  mutate(d_thresh=temp-thresh) 

 
#Calculating the difference between mean monthly SST and the Species threshold 

data_month<-data_month %>%             

  mutate(dsp_thresh=temp-sp_thresh) 
 

#Calculating the difference between MHW threshold and species threshold 

data_month<-data_month %>%             

  mutate(sp_rel_thresh=sp_thresh-thresh) 
 

###################PLOT######################### 

 
#The following code uses the data month data frame created above to create Figure 3. 

 

#Read in proportional canopy biomass data at 30 km buffer. Note Read in one at a time 
#when producing plot. 

 

CIdata30km<-read.csv("All_2008_2018_Leo_Carrillo_Processed.csv") #Leo Carrillo 

 
CIdata30km<-read.csv("All_2008_2018_Catalina30kmBuffer_Processed.csv") #Catalina 

 

CIdata30km<-read.csv("All_2008_2018_AVG_SMA_CBD_Processed.csv") #Carlsbad 
 

 

par(mfrow=c(3,1)) #To produce multiple plots in one figure (run once) 
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################################PLOT########################## 
 

#To plot temperature relative to MHW threshold along with time axis and relative 

#temperature axis 
plot(seq(from=as.Date("2008-01-01"),to=as.Date("2018-12-

31"),by="month"),data_month$d_thresh,type="l",ylim=c(-

4.5,3),lwd=3,col="blue",cex=.25,yaxt="n",bty="n",xaxt="n",ylab="Normalized Canopy 

Biomass",xlab="Year") 
axis(1, at=seq(from=as.Date("2008-01-01"),to=as.Date("2019-01-

01"),by="year"),labels=seq(from=as.Date("2008-01-01"),to=as.Date("2019-01-

01"),by="year"),lwd=2) 
axis(4,at=-4:3,pos=as.Date("2019-01-31"),lwd=2) 

 

abline(a=0,b=1,h=0,lwd=2,col="gray") #Creates gray MHW threshold line 
 

#This line is used to tell when the temperature relative to the MHW threshold was above 

#the species threshold 

par(new=T) 
lines(seq(from=as.Date("2008-01-01"),to=as.Date("2018-12-

31"),by="month"),data_month$sp_rel_thresh)  

 
#Adds proportional biomass data with axis 

par(new=T) 

plot(seq(from=as.Date("2008-03-31"),to=as.Date("2018-12-
31"),by="quarter"),CIdata30km$PropBiomass_30,lwd=3,bty="n",type="l",axes=F,xlab="",ylab="

",xlim=c(as.Date("2008-01-01"),as.Date("2018-12-31"))) 

axis(2,pos=as.Date("2008-01-01"),lwd=2) 
 

#Rerun all of the above code minus par() for each site independently until all sites have 

#been plotted. 

 
 

 

 
 

 

 

 

 

 

 

 

 

 
 

 


