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Abstract

Aim: Dispersal and connectivity play important roles in shaping the population struc-
ture of giant kelp, Macrocystis pyrifera, across the western coast of South America. Its
high potential dispersal capacity suggests the existence of metapopulations, where
discrete habitat patches or groups of patches form subpopulations that interact at
some level. However, the dispersal patterns of giant kelp in this region have not been
quantified. This study assesses the dispersal and settlement of Macrocystis pyrifera in
the southeast Pacific, specifically focusing on the impact of environmental variables
and ocean currents within the Humboldt Current System.

Location: Southeast Pacific (coast of Chile and Peru).

Time Period: 1997-2008.

Major Taxa Studied: Macrocystis pyrifera (giant kelp).

Methods: Using a combination of hydrodynamic and individual-based models, we
analysed kelp fragment movements over 12years, with a particular emphasis on the
effects of the El Nifio-Southern Oscillation (ENSO) and seasonal changes.

Results: Our results highlight a key settlement area in the southern Chilean region.
We found that shorter travel distances of kelp fragments increased the likelihood of
reaching a suitable habitat, underscoring the importance of local environmental con-
ditions. We delineated intricate northward dispersal paths for kelp fragments, which
appear to be governed by the interplay of wind and ocean current dynamics. Seasonal
variations, notably in autumn and winter, favour the likelihood of reaching a settle-
ment area due to favourable winds. Furthermore, ENSO events appear to influence
dispersal distances, with fragments travelling the longest distances during El Nifo
phases.

Main Conclusion: These findings are essential for informing kelp conservation strate-
gies in the context of climate change, emphasizing the necessity of considering local

and seasonal environmental factors alongside ENSO impacts.
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1 | INTRODUCTION

The effective dispersal and connectivity of coastal and marine or-
ganisms are critical for the resilience of marine ecosystems in the
face of environmental changes and in sustaining their ecological
functions. Dispersal (the movement of organisms or their propa-
gules from their natal place to a new location) and connectivity (the
process linking separate populations through dispersal; Balbar &
Metaxas, 2019), play essential roles in maintaining genetic diversity
and ecological stability (Balbar & Metaxas, 2019; Cowen et al., 2007;
Steinberg et al., 2016). Marine currents, including oceanic, coastal
and tidal, are vital in driving this dispersal, particularly during the
first stage of life (e.g., spores, seeds, fruits, eggs, larvae, etc.) as they
enable these entities to travel passively with the prevailing currents.
For some sessile species, early-stage drift represents the only mech-
anism of dispersal. The identification of dispersal pathways is crit-
ical when managing marine species with a pelagic phase (Steneck
et al., 2009; Van der Stocken et al., 2019) because the protection of
key areas of supply and connectivity can enhance population viabil-
ity (Beger et al., 2010; Pastor et al., 2023). Nevertheless, quantita-
tive information on dispersal and connectivity is often overlooked in
management plans (but see Balbar & Metaxas, 2019; Ospina-Alvarez
et al., 2020; Pastor et al., 2023) due to the challenges in assessing it
and the significant costs (both financial and time consuming) associ-
ated with gathering empirical data on the scale of dispersal (Magris
et al., 2014).

Focusing on giant kelp, Macrocystis pyrifera, understanding its
dispersal and connectivity is key to comprehending its popula-
tion dynamics and distribution along the southeast Pacific coast
(Figure 1). This brown alga is widely dispersed in temperate re-
gions, exhibiting an antitropical distribution and can be found in
both the west and east of South America, west of North America,
South Atlantic, South Africa, central and southern New Zealand
and South Australia. The erect plant typically grows in the sub-
tidal zone and can reach up to 40 m in length, making it the larg-
est algae and benthic organism in the world. M. pyrifera forms
dense submarine kelp forests on rocky or thick sand substratum
(Graham et al., 2007). The giant kelp plays a crucial ecological
role along the southeast Pacific coast, serving as an ecosystem
engineer species by creating extensive kelp forests that offer
habitat and shelter to a myriad of marine organisms. Additionally,
M. pyrifera holds significant economic importance, as it is used for
alginate extraction and serves as a primary food source for the
abalone industry (Haliotis rufescens; Villegas et al., 2019). Most
of the seaweed extraction is carried out by small-scale fisher-
ies, which harvest from natural kelp forests, representing a vital

resource for numerous coastal communities reliant on fisheries

(Marquez Porras, 2019). For a decade, the indiscriminate ex-
traction of kelp forests, due to the absence of regulations, led to
a high level of exploitation. Despite the current implementation
of marine conservation measures by Chile and Peru, such as the
establishment of five marine protected areas and 799 Territorial
Use Rights in Fisheries (TURF) in Chile and six MPAs in Peru
aimed at promoting sustainable extraction of marine resources,
the giant kelp has continued to be indiscriminately harvested, re-
sulting in significant deterioration.

The reproductive period of the kelp varies significantly de-
pending on environmental conditions and nutrient availability
(Buschmann et al., 2006; Carney & Edwards, 2010). It has a com-
plex life cycle with macroscopic sporophyte and microscopic
gametes. Spores can move short distances by using their two
flagella before settling (Kinlan et al., 2003). This mode of disper-
sal via flagella is considered the primary mechanism for spore
dispersal (Gaylord et al., 2004). Typically, the dispersal ranges of
M. pyrifera spores, along with those of other marine macroalgae,
are confined temporally and spatially, amounting to durations
of hours to days and spanning a few tens of kilometres (Gaines
etal., 2007; Reed et al., 1992; Wanner et al., 2024). Nevertheless,
under severe weather and oceanic conditions, the spatial extent
of dispersal can dramatically increase, enabling the transport of
kelp fragments that contain spores over distances surpassing 100
and even 1000km (Gaines et al., 2007). Taking kelp fragments
into consideration, M. pyrifera emerges as an organism with the
capacity for Long Pelagic Dispersion Phases (LPDP)—extended
periods of pelagic dispersal lasting beyond 4 months (Ramirez-
Romero et al., 2023). With aerocysts providing buoyancy, kelp
rafts and the spores contained in the sorus of the sporophytes
remain afloat and are carried by currents and winds. The buoy-
ant nature of M. pyrifera significantly influences its distribution,
rendering it a pivotal factor in shaping the geographic range of
this species. Floating fertile fragments of M. pyrifera can drift up
to 2700km (Bernardes-Batista et al., 2018). The detached plant
survives up to 125 days, during which time the spores can remain
reproductive (Herndndez-Carmona et al., 2006; Hobday, 2000;
Macaya et al., 2005). In the southeast Pacific region, Macaya and
Zuccarello (2010) documented a notable low haplotype variabil-
ity relative to other macroalgal species, suggesting a pronounced
genetic connectivity within the population. Additionally, Macaya
et al. (2005) recovered fertile kelp rafts, underscoring the po-
tential role of dispersal in fostering genetic interconnectedness
among individuals within the species. These findings collectively
imply that dispersal mechanisms may play a pivotal role in shap-
ing the genetic structure of the southeast Pacific population of

giant kelp.

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET



THOMPSON-SAUD ET AL.

2200
=Lwiey

80°W 70°W 80°W 60°W 40°W
\ N |
e (a) (b) |
{ | 10°N
EUC
-—N
Peru PCCC
South |
PCC a 110°S
America |
-
(Y Tacna j
U/ . ° ‘ ‘
&
. D, .\ Aricg |
Kelp density 2 | |
20°S High ? N e icie 130°5
|
Low Study area i
|
150°5
|
km |
0 385770 1540 2310 3080
(c)
Densest area
30°S \
1 Concepcion
Concepcion
Puerto Montt
40°S
Puerto Montt
$
- km
> 300 | 450 — 130 260
80°W 70°W

FIGURE 1 Distribution and oceanographic influences on Macrocystis pyrifera in the southeast Pacific. (a) Kelp density gradient along the
Chilean and Peruvian coast, with darker green indicating higher density kelp forests and lighter green indicating sparser populations. The
kelp inhabits primarily in the coastal areas, with lower resolution extending further into the ocean. (b) South America and the prevailing
surface currents of the southeast Pacific. Red and blue arrows denote warm and cold currents, respectively, including the Chile Coastal
Current (CCoastalC), Peru Coastal Current (PCoastalC), Peru-Chile Counter Current (PCCC) and Peru-Chile Current (PCC), with their origins
traced back to the Southpacific Current (SPC) and Equatorial Under Current (EUC). Arrows circled in black signify regions of eddy formation.
(c) The southern Chilean coast highlighting the area with the densest kelp forest populations relative to other regions. All the maps are in

transverse cylindrical equal area projection.
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The long-distance dispersal capacity of M. pyrifera sug-
gests the existence of metapopulations, where discrete habitat
patches or groups of patches form subpopulations that interact
at some level (Castorani et al., 2015; Van der Stocken et al., 2019).
Biophysical models have been demonstrated as a useful tool to as-
sess the dispersal and connectivity of M. pyrifera in other regions.
For instance, Alberto et al. (2011) used biophysical modelling in
the Santa Barbara Channel to investigate M. pyrifera populations,
revealing that ocean currents are a primary factor in explaining
connectivity patterns. Similarly, Castorani et al. (2015) observed
that well-connected kelp populations exhibited reduced extinc-
tion risk, highlighting the role of enhancing demographic connec-
tivity. These studies underscore the potential utility of biophysical
models in deepening our understanding of critical ecosystem pro-
cesses involving giant kelp. Yet, there is a notable absence of bio-
physical models to elucidate the dynamics of the giant kelp in the
South American region.

This study aims to evaluate the potential dispersal of M. pyrif-
era along the southeast Pacific coast using a biophysical model. Our
goal is to explain the dispersion of the giant kelp along the Humboldt
Current System (HCS) to improve understanding of population dy-
namics. To achieve this, we implemented a coupled hydrodynamic
individual-based model to simulate the movement of giant kelp frag-
ments, which release spores. We assessed factors (e.g., season and
ENSO) that influence changes in the dynamics of the coastal ocean
and subsequently affect the transport and dispersion of giant kelp
fragments in this eastern boundary upwelling system, noted for its
exceptionally high primary productivity. The output of the biophysi-
cal model was used to assess the key determinants that impact kelp
dispersal distance and the likelihood of successfully reaching a suit-
able habitat.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The study area, situated in the HCS of the southeast Pacific basin
(Figure 1b), spans from approximately 10° to 43°S. It encompasses
the extensive coastlines of Chile (6435km) and Peru (3080km)
which fall within the HCS. M. pyrifera distribution stretches along
most of the Chilean coast and parts of the Peruvian coast, from
6° to 55°S. In this region, ocean temperatures near the equator (at
6°S) typically range from 19°C to 23.5°C in summer and 15.9°C to
18.2°C in winter, while further south (at 55°S), summer tempera-
tures range from 8.5°C to 10.5°C and in winter, they drop to 5.4°C
to 6.6°C. However, the optimal temperature range for M. pyrifera,
where the majority of plants are found, generally falls between
10°C and 20°C. Two distinct ecomorphs are identified: intergrifolia,
representing the northern population (6°-32°S), and pyrifera, the
southern population (37°-55°S; Buschmann et al., 2004), divided
by a notable upwelling area around 37°S (Aguirre et al., 2012). The
distinction between the two ecomorphs lies in the morphology of
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their holdfasts: while pyrifera is characterized by tall holdfasts, in-

tergrifolia exhibits flattened ones.

2.2 | Coastal conditions

The HCS, originating from the South Pacific Current, is charac-
terized by its cold, low-salinity, nutrient-rich waters, flowing
northward along South America's western coast from southern
Chile (~42°S) to northern Peru and Ecuador (~4°S). The upper
ocean flow, the Peru-Chile current system (PCCS), features the
equatorward movement of cooler sub-Antarctic Surface Water
(SASW) north of 45°S (Chaigneau & Pizarro, 2005; Montecino &
Lange, 2009). The PCCS is significantly influenced by the south-
eastern Pacific atmospheric anticyclone, leading to intense up-
welling and high productivity. From 1997 to 2008, the study
period, El Niflo and La Nifa events notably affected the region's
oceanography (Figure S1), impacting the strength and behaviour
of the HCS and upwelling patterns. Seasonal variations, driven by
the South Pacific Anticyclone, also influenced the HCS , with vary-
ing intensity and upwelling in different seasons. For a comprehen-
sive background on the oceanographic conditions, please refer to
Appendix S1.

2.3 | Kelp distribution

The kelp forest distribution map (Figure 1a) was obtained from a
dataset derived from Mora-Soto et al. (2020), which used satel-
lite imagery from Google Earth Engine. This methodology facili-
tated the detection of M. pyrifera canopies that extend to the
ocean surface, as well as identifying submerged portions within
open ocean waters, typically ranging from the intertidal zone
down to depths of about 30-40 m. The dataset represents the
mean kelp coverage from 2015 to 2019. However, it should be
noted that the map also includes green algae due to limitations
in their algorithm, which cannot distinguish between giant kelp
and green algae (Ulvophyceae; Mora-Soto et al., 2020). We ex-
tracted the map distribution and further refined it in ArcGIS
Pro 2.8.0. For enhanced accuracy, polygons indicating kelp
presence in habitats where kelp does not grow, such as riv-
ers or sandy beaches, were meticulously vetted and removed.
Conversely, regions known for kelp harvesting yet absent in the
initial dataset, particularly along the southern Peruvian coast,
were added to the kelp density map to reflect actual conditions.
To further evaluate the accuracy of the map, we conducted a
comparison with the locations of TURFs where giant kelp har-
vesting is claimed. This analysis revealed a high level of accuracy
in the map's depiction of kelp distribution. Subsequently, a kelp
density map was generated using a grid of 321 hexagons. Each
hexagon has a side length of 34km, yielding an area of around
3000km?. This map highlights the kelp distribution along the
coastline with varying densities using the kelp distribution

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET



THOMPSON-SAUD ET AL.

2202
=wiey N

extracted from Mora-Soto et al. (2020). Notably, the southern

regions of Chile exhibit denser kelp populations compared to

other areas (Figure 1c).

2.4 | Coupled hydrodynamic-individual
based model

Ocean circulation along the Peru-Chile system was modelled using
a three-dimensional hydrodynamic framework based on the regional
ocean modelling system (ROMS) customized for the HCS, being
more suitable for this area. The ROMS configuration has a 10km
horizontal resolution spanning 10°N to 50°S and 68°W to 132°W.
For this study, the domain was delimited at 43°S as areas beyond
this latitude require nested models due to complex hydrodynam-
ics, particularly among the fiords. The model incorporates hydro-
graphic forcings, such as temperature, salinity, wind stress, surface
heat flux and transport and freshwater flux, along with initial and
lateral boundary conditions, including temperature, salinity, currents
and sea surface elevation. Bathymetric data with a 4km resolution
informed the seafloor contours of the model. Simulations spanned
from 1996 to 2008, providing daily outputs, with 1996 serving as a
spin-up year excluded from the analysis.

This hydrodynamic model was coupled with a customized ver-
sion of Ichthyop (Lett et al., 2008), an individual-based model (IBM)
tool that incorporates daily ROMS outputs to simulate the physical
and biological influences on M. pyrifera floating fragments (Table 1).
These fragments were depicted between the model as virtual par-
ticles, representing fertile kelp fragments, such as fronds with aero-
cystis and sporophylls and emulating their dispersal mechanism
(Macaya et al., 2005). However, it is important to note that the model
does not explicitly represent the physical characteristics of the kelp

fragments, such as their size, morphology or arrangement of fronds

Category Parameters

Total number of particles
released

Particle-tracking model

Particle types/classes

State/description

5000 for each release

and sporophylls. Instead, the focus is on simulating the dispersal of
virtual particles representing floating fragments in response to hy-
drodynamic forces. Each virtual particle embodying an average spore
count of 11,200 spores, as this is the average number of spores per
gram of sporophyll tissue per hour that kelp fragments have after
detachment (Hernandez-Carmona et al., 2006). In accordance with
the experiments conducted by Hernandez-Carmona et al. (2006), a
decay rate (Equation 1) was incorporated to model the decrease in

spore numbers over time.

Ny = 13,321.2 x 70000509t _ 2191 1 (1)

where: N(t) is the number of spores at time, t (h), 13321.2 is the ini-
tial number of spores (adjusted for the decay curve), 0.000509 is the
decay rate, -2121.1 is the constant to fit the curve to the data.

The virtual particles remained afloat for up to 125 days or until
beaching, aligning with evidence of their reproductive capacity
duration (Hernandez-Carmona et al., 2006). Although exposure to
water temperatures above 20°C has been linked to reduced repro-
ductive capacity (Macaya et al., 2005; Rothausler et al., 2009), this
was not integrated into the model because most of the particles
were in cooler waters. A sensitivity analysis determined that by re-
leasing 5000 particles at 5m depth per simulation run was effec-
tive, with releases concentrated in areas reflective of kelp density
distribution (Figure 1a) and avoiding waters deeper than 500m,
given that kelp forests are typically confined to coastal regions.
This choice was based on the understanding that, for the resolution
of the model, a depth of 500m serves as the limit for the coastal
system. The model dynamically adjusts the release of virtual par-
ticles based on local density conditions, with higher kelp densities
resulting in the release of additional particles to reflect increased
particle dispersal in crowded areas. While the model does not di-

rectly address the physical characteristics of the fragments, the

TABLE 1 Summary of the main input
parameters used for the biophysical model
of M. pyrifera in the southeast Pacific
region.

Particles representing floating

fronds/fragments releasing spores

Initiation of pelagic Release location
phase (Figure 1a)

Release events coverage

Frequency of release
events

Transport and Maximum length of pelagic  125days

movement phase
Horizontal dispersion 10 m%s!
Buoyancy Positive
Vertical migration No

Direct wind drift

Settlement Settlement rate

Known location of M. pyrifera forests

From 1997 to 2008

Once a week all year round

Yes, included as forcing

Decay rate (Equation 1)
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incorporation of density-dependent particle release allows for a
realistic representation of the dispersal dynamics observed in nat-
ural kelp populations. From 1997 to 2008, there were 10,685,141
recorded spores released.

The IBM was operational from 1997 to 2008, a period marked by
significant El Nifio and La Nifa events, with weekly particle releases.
Due to computational constraints, particle positions were evaluated
on specific days post-release (1, 5, 10, 15, 20, 30, 45, 60, 90 and 125)
and dispersal distances were calculated using sea distance metrics,
a measurement similar to the Euclidean distance but adjusted to ac-
count for geographical features along the coastline. To report the
distance travelled, we used measurements obtained on day 30, as
by then nearly 90% of the spores that reached the settlement area

had already done so.

2.5 | Statistical analysis

The generalized additive model (GAM) was used to evaluate the fac-
tors affecting the likelihood of a virtual particle, representing a kelp
fragment releasing spores, reaching a suitable habitat (defined as
within 500m of water depth). We chose the GAM to explore and
visualize the complex relationships between environmental variables
and particle transport rather than to test specific hypotheses or de-
rive inferential statistics about natural phenomena. Unlike simpler
methods such as ANOVA, which are critiqued by White et al. (2014)
for their over-reliance on p-values in ecological simulation studies,
GAMs allow for the modelling of nonlinearities and interactions in
a flexible, non-parametric framework. This approach is particularly
suited to our data, where the goal is to understand complex patterns
and relationships rather than to make inferential claims based on
controlled sample sizes. The dataset included all particle trajectories.
The analysis was performed using the ‘mgcv’ package (Wood, 2017)
within the R language and environment for statistical computing (R
Core Team, 2019).

Different model families and configurations were tested to as-
certain the optimal fit for the study's data. The ‘DHARMA’ package
(Hartig, 2020) was used to evaluate overdispersion, selecting the
family that most effectively mitigated this issue. A range of model
structures was considered, from simpler forms without splines to
more complex ones that incorporated multiple splines and inter-
actions among variables. Model performance was evaluated by
examining the deviance explained, checking for convergence and
employing the Akaike Information Criteria (AIC) from the ‘MuMIn’
package (Barton & Barton, 2015).

The primary response variable ‘settlement success’ (the likelihood
of arriving to a suitable habitat) was analysed in relation to ENSO
phases (El Nifio, La Nifia and neutral), seasonal periods (summer, au-
tumn, winter and spring), particle travel durations and the geograph-
ical coordinates (longitude and latitude) of particle release points. An
identification variable (ID) was also included to address the poten-
tial autocorrelation in data from repeated measures of the particles'
positions.
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3 | RESULTS
3.1 | Settlement of kelp spores

A total of 8,158,121 spore release events took place in kelp forests
between 1997 and 2008. Our findings suggest that virtual particles
with shorter drift periods have a higher likelihood of releasing spores
that reach settlement areas. Specifically, 45.7% of particles success-
fully reached settlement areas within the first 5days, 35% within the
next 20days and the remaining 19.3% over the subsequent 100days.
Notably, 1.5% of kelp fragments reached settlement areas in the last
35days of viability and reproductive capability. A significant north-
ward drift was observed in 82% of cases (excluding local settlement),
with a noted southward shift from approximately 37°S. The primary
settlement zones were identified between 45 and 35°S in southern
Chile (Figures 2 and 3), whereas the zones between 26 and 13°S ex-
hibited the lowest kelp fragments arrival rates.

The model to assess the likelihood of reaching a settlement area
operates with binary outcomes, classifying them as either ‘true’ (in
the coastal area) or ‘false’ (outside of the coastal area). The analy-
sis of this binary nature involved logistic regression within a GAM,
utilizing a binomial family. This resulting model comprises a compre-
hensive range of explanatory variables, encompassing both linear
and curvilinear relationships, as outlined in Equation 2 (Figure S3.2).

Settlement success = gam(settle ~ s(days travelled)+ENSO x season

+s(lonini, lat;, ) + s(id, bs=re))
(2

In Equation 2, ENSO variable accounts for El Nifio, La Nifa and
neutral conditions, while the season encompasses the four seasons,
both treated as factorial with their interaction included due to their
impact on settlement. Days travelled represents the time elapsed
since the kelp fragment's detachment, with lon,; and lat,; denot-
ing initial coordinates. These, alongside ID are numerical factors
with non-linear relationships modelled by splines. ID also controls
for unexplained variance between fragments. This methodological
approach facilitates an in-depth evaluation of settlement likelihood
factors along the coastline.

All factors, including ENSO phase, season, initial coordinates,
days travelled and ID, significantly influenced settlement outcomes
(p<0.05). The analysis underscored that winter (79.4% of the spores
reached a settlement area, p <0.001) and autumn (78.6%, p <0.001)
exhibited the highest number of kelp fragments arriving in settle-
ment areas, displaying significant differences (Tables S2.1 and S2.2).
Conversely, the lowest kelp fragment counts in settlement areas
were observed during spring (73.5%, p<0.001), followed by sum-
mer (71.7%, p<0.001). Regarding ENSO conditions, it was found
that El Nifio periods resulted in significantly higher numbers of kelp
fragments reaching settlement areas (78.1%, p <0.001), followed by
neutral periods (76%, p<0.001) and La Nina conditions exhibited
the lowest (75.8%, p<0.001; Tables S2.1 and S2.2). Notably, the in-
teraction between ENSO and season demonstrated an influence on
kelp fragments dispersion. The highest kelp fragments settling rate
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was observed during El Nifio in autumn (78.1%, p<0.001) and the
lowest was observed during La Nifia in summer (74.1%, p<0.001;
Table $2.3). Summer, followed by spring was consistently the lowest
through all the ENSO conditions. Autumn was higher during EI Nifio
and La Nifa, but not during neutral condition, which occurred in the

winter.

3.2 | Dispersal distance

Kelp fragments displayed a median dispersal distance of 48.94km,
ranging from a minimum of less than a meter (0.8 m) to a maximum of
2051.33km. Long-distance dispersal was uncommon, with such events
classified as outliers as it can be observed in Figure 4. Furthermore, it
is improbable for a kelp fragment to travel such extensive distances, as
itis likely to be carried into deep water or break down into detritus be-
fore reaching thousands of kilometres. A positive relation was evident
between travel duration and dispersal distance, kelp fragments aver-
aged 18.58km on the first day, extending up to 305.19 km by day 125.
A directional bias was also observed: 52.2% of spore-releasing kelp
fragments drifted northeast (Figure S4.3), and those travelling over
200km exclusively followed this trajectory. Additionally, 25.1% moved
northwest. It was noted that the further a kelp fragment travelled, the
less likely it was to reach a settlement area.

FIGURE 2 Histogram of kelp fragment
spore settlement along latitudinal
gradients in the Humboldt current system
(1997-2008). The x-axis quantifies settled
particles, scaled in billions. The y-axis
represents the final latitude of kelp
fragment settlement, ranging from 45 to
10°S. Colour coding distinguishes the
direction of fragment drift: Northward
drift is depicted in blue, while southward
drift is shown in grey.

-1x10°

The longest distances travelled by kelp fragments were recorded
between 30 and 20°S from 1997 to 2000 (Figure 5), with a noted
decrease in subsequent years. Peak average distances were in 1998,
1999, 2003 and 2007 at 90.3, 90.6, 20.8 and 95.1 km, respectively. In
contrast, 2001, 2006 and 2008 show the shortest distances with 45.7,
48.9 and 52.6 km, respectively (Figure S5.4; Table S5.4).

We found that ENSO phases and season at release influenced
the dispersal distance of kelp fragments. With kelp fragments cov-
ering greater distances during spring (mean=264.3, median=256.3,
SD=155.3) followed by summer (mean=238, median=218.7,
SD=152.4), winter (mean=198.3, median=166.7, SD=145.1)
and the shortest distance during autumn (mean=149.5, me-
dian=121.2, SD=119.3). El Nifio recorded the longest dispersal
distance (mean=212.7, median=183.5, SD=151.8), followed by
La Nifa (mean=198.1, median=166.3, SD=144.7) and neutral
(mean=182.4, median=150.7, SD=139.4). ENSO and season inter-
actions also impact the distance travelled by kelp fragments, with the
longest distances during neutral conditions in spring (mean=284.9,
median=280.4, SD=151.4). Autumn consistently displayed the
shortest travel distances for kelp fragments across all ENSO condi-
tions, while spring was associated with the longest distances during
neutral and La Nifia (mean=294.1, median=301, SD=174.3) condi-
tions, while during El Nifo, the summer led to the longest fragments
travels (mean=294.9, median=279.4, SD=168.9).
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FIGURE 3 Map of kelp fragment settlement and dispersal
pathways in the southeast Pacific. Circles indicate the settlement
density of kelp fragments spores, which is the normalized number
of spores reaching a suitable habitat, across the region, with the
size and colour gradient representing the normalized concentration
from low (small, light pink) to high (large, dark purple). Arrows
illustrate the normalized flux of kelp fragments, with direction
and thickness indicating the movement and relative quantity of
fragments travelling from their release points to settlement areas.
In regions of minimal flux, the arrows are nearly transparent to
emphasize areas with significant flux.

4 | DISCUSSION

We assessed the complex dispersal dynamics of the giant kelp,
Macrocystis pyrifera, along the southeast Pacific coast through a cou-
pling of hydrodynamic and individual-based modelling. Our decadal-
scale analysis highlights the influence of travel duration on the
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settlement success of kelp spores, with shorter travel times increas-
ing settlement likelihood. Moreover, our research has established a
direct relationship between the length of travel and the distances
covered, suggesting that while longer dispersal events are less com-
mon, they are crucial for maintaining the connectivity among kelp
populations along the South American coast. Nonetheless, the rarity
of long-distance dispersal underscores the importance of localized
processes in the persistence of kelp populations. These insights in-
form the necessity for conservation and management efforts to focus
on local scales, such as implementing a spatial management unit of
50km sections.

4.1 | Trajectory patterns of kelp fragments

Kelp fragments predominantly showed a northward trajectory. This
trend suggests an enhanced potential for connections with northern
populations, a phenomenon also noted in other marine species in this
region (Blanco et al., 2019; Ospina-Alvarez et al., 2018). Prevailing
wind patterns and the HCS's northward flow likely drive this dis-
persion pattern. Nonetheless, southward movement was recorded
below approximately 36°S, aligning with the northernmost range of
the giant kelp's southern populations (Buschmann et al., 2004). This
geographical demarcation also corresponds with a well-documented
upwelling zone near 37°S (Aguirre et al., 2012). Here, the seasonal
shift of the South Pacific anticyclone disrupts the prevailing south-
ern winds during winter, leading to the emergence of seasonal
upwelling (Aguirre et al., 2012). Such conditions increase the likeli-
hood of southward transport during winter. Additionally, ENSO may
amplify this effect when the anticyclone weakens (Montecinos &
Gomez, 2010). Climate change further complicates these patterns by
driving the Pacific Anticyclone southward, shifting the intense up-
welling zone to around 34°S in spring (Weidberg et al., 2020). Over
time, this could shrink the southern giant kelp population due to re-
duced southward dispersal.

Our results also highlighted the spatial variability in kelp frag-
ment dispersal. We found that most of the kelp fragments might be
originated from the southern region of Chile, where the kelp is more
abundant. This pattern suggests a potential source-sink dynamic,
where populations in the south might act as sources that supply kelp
fragments to populations in the north. However, additional analy-
sis is required to validate and comprehensively assess this pattern.
While infrequent, the occurrence of long-distance dispersal events
from this southern population to the north suggests a potential role
in maintaining genetic diversity and potentially facilitating recovery
in the event of local disturbances (Steinberg et al., 2016). Therefore,
management strategies need to also consider the protection of
these source populations in the southern region. Nevertheless, it is
important to note that this pattern is primarily driven by the very
high kelp density in the southern area. Hence, a finer scale analysis
to clearly understand the role of this area in relation to the rest of

the population is needed.
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FIGURE 5 Temporal variation matrix of monthly kelp fragment dispersal distances in the southeast Pacific (1997-2008). This matrix
illustrates the monthly deviations in average kelp fragment dispersal distance compared to the multi-year monthly average, highlighting

increases or decreases in travel distances (km).

4.2 | Influence of seasonal changes on kelp
dispersal and settlement

Our research has uncovered a significant link between seasonal
changes and the dispersal and settlement patterns of kelp fragments
in the southeast Pacific. While our investigation primarily focused
on distinct seasonal periods, it is plausible that the transition be-
tween seasons may exhibit a more pronounced effect on these
patterns. However, it is important to note that our model has not
explicitly considered this transition period. We found that autumn
and winter see increased settlement, coinciding with the intensifica-
tion of the Westerlies and the weakening of the Pacific Anticyclone,
which shifts north-westward during these seasons (Falvey &
Garreaud, 2007; Montecinos et al., 2011). The dominance of west-
erly winds during this time propels the kelp fragments towards the
land, enhancing settlement. Conversely, spring and summer bring

stronger anticyclonic conditions and weaker Westerlies, giving rise
to easterly trade winds. This shift, along with stronger southern
winds, triggers upwelling and escalates Ekman transport, displacing
surface waters—and thus kelp fragments—westward, away from the
coast (Pérez-Santos et al., 2019).

The variations in kelp fragment dispersal distances across sea-
sons are closely linked to the intensity of the Pacific Anticyclone. Kelp
fragments tend to travel greater distances during spring (256.3 km)
and summer (218.7km), a trend that lessens in autumn (121.2km)
and winter (166.7km). This seasonal pattern reflects the meteoro-
logical changes along the coastline, heavily influenced by the Pacific
Anticyclone's varying strength (Falvey & Garreaud, 2007). In the
warmer months, atmospheric conditions are marked by decreased
wind turbulence and heightened stability, largely due to the anticy-
clone's fortification. As a high-pressure system, the Pacific Anticyclone
suppresses storm formation (Montecinos & Aceituno, 2003) and
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strengthens southern winds, enhancing the northward movement
of kelp fragments via the coastal jet (Garreaud & Falvey, 2009). This
effect is augmented by surface currents responding to wind-induced
stress. The interplay of these meteorological and oceanic factors might
be contributing to more kelp fragments moving north without encoun-
tering significant obstacles and reaching longer distances. However, it
is important to note that while kelp fragments may travel greater dis-
tances during warmer months, shorter distances still present a higher
likelihood of spores reaching settlement areas. In contrast, when the
Pacific Anticyclone and the southern winds weaken and the coastal
weather conditions become more turbulent and the northward trans-
port decreases, kelp fragments experienced constrained dispersal. This
is largely attributable to the emergence of disruptive weather events,
such as storms, which impede the fragments' progress and often cause
them to accumulate in specific areas, thus limiting their capacity to
travel longer distances. This contrast in dispersal dynamics across dif-
ferent seasons underscores the significant impact of meteorological
and oceanic factors on the dispersal behaviour of kelp fragments in

the southeast Pacific.

4.3 | Influence of ENSO events on kelp
dispersal and settlement

We also observed a robust influence of ENSO conditions on both
settlement probability and dispersal distance of kelp fragments.
Notably, during ElI Nifio conditions, there is a higher likelihood of
kelp fragments arriving at settlement areas (78.1%) and longer dis-
tance travelled (183.5km), compared to La Nifia conditions show-
ing the lowest likelihood of fragments reaching settlement areas
(75.8%) and shorter dispersion distance (166.3km). The differen-
tial settlement rates and distance dispersal during ENSO phases
can be attributed to the intensified oceanic and atmospheric pat-
terns (Wang et al., 2017). Specifically, La Nifa conditions result in
a notable intensification of the trade winds at the HCS (Alheit &
Niquen, 2004; Vargas et al., 2007; Wang et al., 2017), leading to ex-
tended and more intense upwelling, especially in central and south-
ern Chile (Montecinos & Gomez, 2010). This could result in kelp
fragments being dispersed offshore, away from kelp forest areas, as
well as restrict the dispersion and thus the travel distance of buoy-
ant particles, as they are more likely to become entrapped within
nearshore water masses. In contrast, El Nifio weakens the trade
winds, enhancing westerly winds and reducing upwelling (Tsonis
et al., 2005), thereby a larger proportion of fragments might be re-
tained in coastal areas and dispersed more extensively. Moreover,
the longest dispersal distances were observed in the early years of
the study, particularly during the significant El Nifio event around
1998. These findings align with prior research that demonstrates
that during El Nifo phases, reduced coastal winds and altered ocean
dynamics, including enhanced poleward undercurrents, increased
eddy kinetic energy and disrupted upwelling patterns, contribute to

longer-distance travel of particles along the southeast Pacific coast
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(Astudillo et al., 2019; Colas et al., 2008; Conejero et al., 2020; Strub
et al., 2019).

With climate change potentially intensifying and increasing the
frequency of ENSO events (Cai et al., 2014, 2021; Timmermann
et al., 1999), adaptive management strategies must consider these
variations, such as temporary harvesting closures, which vary de-
pending on the ENSO phenomenon and the season. El Nifio con-
ditions, characterized by warmer sea temperatures and weakened
upwelling, can disrupt the reproductive patterns of M. pyrifera, po-
tentially leading to altered reproductive timing or even kelp mortal-
ity (Dayton et al., 1992; Steneck et al., 2013; Tegner et al., 1997).
Conversely, La Nifia conditions, with cooler waters and stronger up-
welling, may support kelp reproduction but also present challenges
in ensuring settlement due to localized dispersion (Cai et al., 2015;
Tegner et al., 1997). Understanding these effects is vital for predict-
ing how kelp populations might respond to future climate changes
along the southeast Pacific coast. Conservation efforts should
be informed by these insights, with a focus on preserving genetic
diversity and protecting source populations through effective
local management (Balbar & Metaxas, 2019; Cowen et al., 2007,
Steinberg et al., 2016), emphasizing the implementation of spatial
management units spanning 50km sections. Future modelling ef-
forts should also incorporate the interplay between kelp ecosystem
conservation and human activities, thereby providing comprehen-
sive guidance for integrative spatial management (Ospina-Alvarez
et al., 2020). Additionally, the development of detailed databases
that specifically map out locations and features is crucial for gener-
ating more accurate assessments of the key processes underpinning
social-ecological systems in coastal regions (e.g., kelp harvesting).
Such integrated approaches are essential for ensuring the sustain-
ability of these valuable ecosystems and the communities that de-

pend on them.

5 | CONCLUSION

This study provides valuable insights into the potential dispersal and
settlement patterns of giant kelp in the southeast Pacific region. It
revealed the influence of ENSO conditions and seasonal variations
on dispersal distances and the probabilities of reaching a settlement
area. Even though kelp fragments dispersal is not the main source of
spore dispersal and there are other important factors that influence
kelp dispersal, such as successful spore release, spore viability and
transportation to the seafloor (Gaylord et al., 2004), these findings
provide an important insight in the giant kelp dispersal dynamics and
could have implications for the management and conservation of
this ecologically important species. To ensure the resilience of giant
kelp populations in the face of environmental changes, it is essential
to prioritize the protection of nearshore areas where most of the
kelp is located, consider the influence of ENSO conditions and sea-
sonal variations and promote connectivity between populations in

the southern and northern regions of the ecosystem.

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET



THOMPSON-SAUD ET AL.

2208
=twiey

ACKNOWLEDGEMENTS

Funding for this research was provided by James Cook University,
Australian Government Research Training Program (RTP) Scholarship
and the Australian Research Council Centre of Excellence for Coral
Reef Studies (CE140100020). Thanks to Alejandra Mora-Soto and
Erasmo Macaya for their insight into Macrocystis pyrifera distribu-
tion and ecology. AOA research has been developed in the frame-
work of the Centre of Excellence ‘Maria de Maetzu’ accredited to
the IMEDEA (CEX2021-001198). SIV was partially supported by the
Chilean National Research and Development Agency (ANID) with
the doctoral grant 21221020. No permits were required. Open ac-
cess publishing facilitated by James Cook University, as part of the
Wiley &hyphen; James Cook University agreement via the Council

of Australian University Librarians.

CONFLICT OF INTEREST STATEMENT
The authors declare that there are no conflicts of interest regarding
the publication of this paper.

DATA AVAILABILITY STATEMENT

The data supporting the findings of this study are available for ac-
cess through the following link: https://doi.org/10.25903/e8x4-
ag45. Researchers interested in exploring additional details can also
contact the corresponding author, Gabriela Thompson-Saud, at ga-

briela.thompsonsaud@my.jcu.edu.au for further information.

ORCID

G. Thompson-Saud "= https://orcid.org/0000-0002-4087-5405
A. Grech "= https://orcid.org/0000-0003-4117-3779

S. Choukroun "= https://orcid.org/0000-0001-5640-4694

S. I. Vdsquez "' https://orcid.org/0000-0001-7857-677X

A. Ospina-Alvarez "= https://orcid.org/0000-0003-2454-7169

REFERENCES

Aguirre, C., Pizarro, O., Strub, P. T., Garreaud, R., & Barth, J. A. (2012).
Seasonal dynamics of the near-surface alongshore flow off central
Chile. Journal of Geophysical Research: Oceans, 117(C1), 1-17.

Alberto, F., Raimondi, P. T., Reed, D. C., Watson, J. R., Siegel, D. A., Mitarai,
S., Coelho, N., & Serrao, E. A. (2011). Isolation by oceanographic
distance explains genetic structure for Macrocystis pyrifera in the
Santa Barbara Channel. Molecular Ecology, 20(12), 2543-2554.

Alheit, J., & Niquen, M. (2004). Regime shifts in the Humboldt Current
ecosystem. Progress in Oceanography, 60(2-4), 201-222.

Astudillo, O., Dewitte, B., Mallet, M., Rutllant, J., Goubanova, K., Frappart,
F., Ramos, M., & Bravo, L. (2019). Sensitivity of the near-shore oce-
anic circulation off Central Chile to coastal wind profiles character-
istics. Journal of Geophysical Research: Oceans, 124(7), 4644-4676.

Balbar, A. C., & Metaxas, A. (2019). The current application of ecological
connectivity in the design of marine protected areas. Global Ecology
and Conservation, 17, e00569.

Barton, K., & Barton, M. K. (2015). Package ‘mumin’. Version, 1(18), 439.

Beger, M, Linke, S., Watts, M., Game, E., Treml, E., Ball, I., & Possingham,
H. P.(2010). Incorporating asymmetric connectivity into spatial de-
cision making for conservation. Conservation Letters, 3(5), 359-368.

Bernardes-Batista, M., Batista Anderson, A., Franzan Sanches, P,
Simionatto Polito, P., Cesar Lima Silveira, T., Velez-Rubio, G. M,

Scarabino, F., Camacho, O., Schmitz, C., & Martinez, A. (2018).
Kelps' long-distance dispersal: Role of ecological/oceanographic
processes and implications to marine forest conservation. Diversity,
10(1), 11.

Blanco, M., Ospina-Alvarez, A., Navarrete, S. A., & Fernandez, M. (2019).
Influence of larval traits on dispersal and connectivity patterns of
two exploited marine invertebrates in central Chile. Marine Ecology
Progress Series, 612, 43-64.

Buschmann, A., Vasquez, J., Osorio, P., Reyes, E., Filin, L., Hernandez-
Gonzalez, M., & Vega, A. (2004). The effect of water movement,
temperature and salinity on abundance and reproductive patterns
of Macrocystis spp.(Phaeophyta) at different latitudes in Chile.
Marine Biology, 145, 849-862.

Buschmann, A. H., Moreno, C., Vasquez, J. A., & Hernandez-Gonzalez,
M. C. (2006). Reproduction strategies of Macrocystis pyrifera
(Phaeophyta) in southern Chile: The importance of population dy-
namics. Journal of Applied Phycology, 18, 575-582.

Cai, W, Borlace, S., Lengaigne, M., Van Rensch, P., Collins, M., Vecchi,
G., Timmermann, A., Santoso, A., McPhaden, M., & Wu, L. (2014).
Increasing frequency of extreme El Nifio events due to greenhouse
warming. Nature Climate Change, 4(2), 111-116.

Cai, W.,, Santoso, A., Collins, M., Dewitte, B., Karamperidou, C., Kug, J.-.
S., Lengaigne, M., McPhaden, M., Stuecker, M., & Taschetto, A. S.
(2021). Changing El Niflo-southern oscillation in a warming climate.
Nature Reviews Earth and Environment, 2(9), 628-644.

Cai, W.,, Wang, G., Santoso, A., McPhaden, M. J., Wu, L., Jin, F.-. F,
Timmermann, A., Collins, M., Vecchi, G., & Lengaigne, M. (2015).
Increased frequency of extreme La Nifia events under greenhouse
warming. Nature Climate Change, 5(2), 132-137.

Carney, L. T., & Edwards, M. S. (2010). Role of nutrient fluctuations and
delayed development in gametophyte reproduction by Macrocystis
pyrifera (Phaeophyceae) in Southern California 1. Journal of
Phycology, 46(5), 987-996.

Castorani, M. C., Reed, D. C., Alberto, F.,, Bell, T. W., Simons, R. D,
Cavanaugh, K. C., Siegel, D., & Raimondi, P. T. (2015). Connectivity
structures local population dynamics: A long-term empirical test in
a large metapopulation system. Ecology, 96(12), 3141-3315.

Chaigneau, A., & Pizarro, O. (2005). Eddy characteristics in the eastern
south Pacific. Journal of Geophysical Research: Oceans, 110(Cé),
1-12.

Colas, F., Capet, X., McWilliams, J. C., & Shchepetkin, A. (2008). 1997-
1998 El Nifio off Peru: A numerical study. Progress in Oceanography,
79(2-4), 138-155.

Conejero, C., Dewitte, B., Garcon, V., Sudre, J., & Montes, |. (2020). ENSO
diversity driving low-frequency change in mesoscale activity off
Peru and Chile. Scientific Reports, 10(1), 17902.

Cowen, R. K., Gawarkiewicz, G., Pineda, J.,, Thorrold, S. R., & Werner, F.
E. (2007). Population connectivity in marine systems an overview.
Oceanography, 20(3), 14-21.

Dayton, P. K., Tegner, M. J.,, Parnell, P. E., & Edwards, P. B. (1992).
Temporal and spatial patterns of disturbance and recovery in a kelp
forest community. Ecological Monographs, 62(3), 421-445.

Falvey, M., & Garreaud, R. (2007). Wintertime precipitation episodes in
central Chile: Associated meteorological conditions and orographic
influences. Journal of Hydrometeorology, 8(2), 171-193.

Gaines, S. D., Gaylord, B., Gerber, L. R., Hastings, A., & Kinlan, B. P.
(2007). Connecting places: The ecological consequences of disper-
sal in the sea. Oceanography, 20(3), 90-99.

Garreaud, R. D., & Falvey, M. (2009). The coastal winds off western sub-
tropical South America in future climate scenarios. International
Journal of Climatology: A Journal of the Royal Meteorological Society,
29(4), 543-554.

Gaylord, B., Reed, D. C., Washburn, L., & Raimondi, P. T. (2004). Physical-
biological coupling in spore dispersal of kelp forest macroalgae.
Journal of Marine Systems, 49(1-4), 19-39.

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET


https://doi.org/10.25903/e8x4-ag45
https://doi.org/10.25903/e8x4-ag45
mailto:gabriela.thompsonsaud@my.jcu.edu.au
mailto:gabriela.thompsonsaud@my.jcu.edu.au
https://orcid.org/0000-0002-4087-5405
https://orcid.org/0000-0002-4087-5405
https://orcid.org/0000-0003-4117-3779
https://orcid.org/0000-0003-4117-3779
https://orcid.org/0000-0001-5640-4694
https://orcid.org/0000-0001-5640-4694
https://orcid.org/0000-0001-7857-677X
https://orcid.org/0000-0001-7857-677X
https://orcid.org/0000-0003-2454-7169
https://orcid.org/0000-0003-2454-7169

THOMPSON-SAUD ET AL.

Graham, M. H., Vasquez, J. A., & Buschmann, A. H. (2007). Global ecol-
ogy of the giant kelp Macrocystis: From ecotypes to ecosystems.
Oceanography and Marine Biology, 45, 39.

Hartig, F. (2020). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models. R package version 0.3, 3(5).

Hernandez-Carmona, G., Hughes, B., & Graham, M. H. (2006).
Reproductive longevity of drifting kelp Macrocystis pyrifera
(Phaeophyceae) in Monterey bay, USA 1. Journal of Phycology, 42(6),
1199-1207.

Hobday, A. J. (2000). Abundance and dispersal of drifting kelp
Macrocystis pyrifera rafts in the Southern California bight. Marine
Ecology Progress Series, 195, 101-116.

Kinlan, B. P., Graham, M. H., Sala, E., & Dayton, P. K. (2003). Arrested
development of giant kelp (Macrocystis pyrifera, Phaeophyceae)
embryonic sporophytes: A mechanism for delayed recruitment in
perennial kelps? Journal of Phycology, 39(1), 47-57.

Lett, C., Verley, P., Mullon, C., Parada, C., Brochier, T., Penven, P., &
Blanke, B. (2008). A Lagrangian tool for modelling ichthyoplankton
dynamics. Environmental Modelling & Software, 23(9), 1210-1214.

Macaya, E. C., Boltana, S., Hinojosa, I. A., Macchiavello, J. E., Valdivia,
N. A., Vasquez, N. R., Alonso Vega, J. M., & Thiel, M. (2005).
Presence of sporophylls in floating kelp rafts of Macrocystis
spp. (Phaeophyceae) along the Chilean Pacific coast. Journal of
Phycology, 41(5), 913-922.

Macaya, E. C., & Zuccarello, G. (2010). Genetic structure of the giant kelp
Macrocystis pyrifera along the southeastern Pacific. Marine Ecology
Progress Series, 420, 103-112.

Magris, R. A., Pressey, R. L., Weeks, R., & Ban, N. C. (2014). Integrating
connectivity and climate change into marine conservation planning.
Biological Conservation, 170, 207-221.

Marquez Porras, R. (2019). La fiebre de las algas. Forma y dindmicas del
extractivismo en la costa chilena. Revista Andaluza de Antropologia,
17,52-71.

Montecino, V., & Lange, C. B. (2009). The Humboldt Current System:
Ecosystem components and processes, fisheries, and sediment
studies. Progress in Oceanography, 83(1-4), 65-79.

Montecinos, A., & Aceituno, P. (2003). Seasonality of the ENSO-related
rainfall variability in central Chile and associated circulation anom-
alies. Journal of Climate, 16(2), 281-296.

Montecinos, A., & Gomez, F. (2010). ENSO modulation of the upwell-
ing season off southern-central Chile. Geophysical Research Letters,
37(2), 1-4.

Montecinos, A., Kurgansky, M. V., Mufoz, C., & Takahashi, K. (2011).
Non-ENSO interannual rainfall variability in central Chile during
austral winter. Theoretical and Applied Climatology, 106, 557-568.

Mora-Soto, A., Palacios, M., Macaya, E. C., Gdmez, |., Huovinen, P., Pérez-
Matus, A., Young, M., Golding, N., Toro, M., & Yaqub, M. (2020). A
high-resolution global map of giant kelp (Macrocystis pyrifera) for-
ests and intertidal green algae (Ulvophyceae) with Sentinel-2 imag-
ery. Remote Sensing, 12(4), 694.

Ospina-Alvarez, A., de Juan, S., Davis, K. J., Gonzalez, C., Fernandez, M.,
& Navarrete, S. A. (2020). Integration of biophysical connectivity in
the spatial optimization of coastal ecosystem services. Science of
the Total Environment, 733, 139367.

Ospina-Alvarez, A., Weidberg, N., Aiken, C. M., & Navarrete, S. A. (2018).
Larval transport in the upwelling ecosystem of central Chile: The
effects of vertical migration, developmental time and coastal to-
pography on recruitment. Progress in Oceanography, 168, 82-99.

Pastor, A., Catalan, I. A., Terrados, J., Mourre, B., & Ospina-Alvarez,
A. (2023). Connectivity-based approach to guide conserva-
tion and restoration of seagrass Posidonia oceanica in the NW
Mediterranean. Biological Conservation, 285, 110248.

Pérez-Santos, |., Seguel, R., Schneider, W., Linford, P., Donoso, D.,
Navarro, E., Amaya-Carcamo, C., Pinilla, E., & Daneri, G. (2019).
Synoptic-scale variability of surface winds and ocean response to

2209
EE v ey

atmospheric forcing in the eastern austral Pacific Ocean. Ocean
Science, 15(5), 1247-1266.

Ramirez-Romero, E., Amores, A., Diaz, D., Mufioz, A., Catalan, |. A., Molinero,
J. C., & Ospina-Alvarez, A. (2023). Atmospheric-ocean coupling drives
prevailing and synchronic dispersal patterns of marine species with
long pelagic durations. Scientific Reports, 13(1), 2366.

Reed, D. C., Amsler, C. D., & Ebeling, A. W. (1992). Dispersal in kelps:
Factors affecting spore swimming and competency. Ecology, 73(5),
1577-1585.

Rothausler, E., Gémez, ., Hinojosa, I. A., Karsten, U., Tala, F., & Thiel, M.
(2009). Effect of temperature and grazing on growth and reproduc-
tion of floating Macrocystis spp.(phaeophyceae) along a latitudinal
gradient 1. Journal of Phycology, 45(3), 547-559.

Steinberg, R., van der Meer, M., Walker, E., Berumen, M. L., Hobbs, J.-
P. A., & van Herwerden, L. (2016). Genetic connectivity and self-
replenishment of inshore and offshore populations of the endemic
anemonefish, Amphiprion latezonatus. Coral Reefs, 35, 959-970.

Steneck, R., Paris, C., Arnold, S., Ablan-Lagman, M., Alcala, A. C., Butler,
M., McCook, L., Russ, G., & Sale, P. (2009). Thinking and manag-
ing outside the box: Coalescing connectivity networks to build
region-wide resilience in coral reef ecosystems. Coral Reefs, 28,
367-378.

Steneck, R. S., Johnson, C. R, Bertness, M., Bruno, J., Silliman, B., &
Stachowicz, J. (2013). Dynamic patterns, processes and feedbacks.
Marine Community Ecology, 315-336.

Strub, P. T., James, C., Montecino, V., Rutllant, J. A, & Blanco, J. L. (2019).
Ocean circulation along the southern Chile transition region (38-
46 S): Mean, seasonal and interannual variability, with a focus on
2014-2016. Progress in Oceanography, 172, 159-198.

R Core Team. (2019). R: A language and environment for statistical
computing.

Tegner, M., Dayton, P., Edwards, P., & Riser, K. (1997). Large-scale, low-
frequency oceanographic effects on kelp forest succession: A tale
of two cohorts. Marine Ecology Progress Series, 146, 117-134.

Timmermann, A., Oberhuber, J., Bacher, A., Esch, M., Latif, M., &
Roeckner, E. (1999). Increased El Nifio frequency in a climate model
forced by future greenhouse warming. Nature, 398(6729), 694-697.

Tsonis, A., Elsner, J., Hunt, A., & Jagger, T. (2005). Unfolding the rela-
tion between global temperature and ENSO. Geophysical Research
Letters, 32(9), 1-4.

Van der Stocken, T., Wee, A. K., De Ryck, D. J., Vanschoenwinkel, B.,
Friess, D. A., Dahdouh-Guebas, F., Simard, M., Koedam, N., &
Webb, E. L. (2019). A general framework for propagule dispersal in
mangroves. Biological Reviews, 94(4), 1547-1575.

Vargas, G., Pantoja, S., Rutllant, J. A., Lange, C. B., & Ortlieb, L. (2007).
Enhancement of coastal upwelling and interdecadal ENSO-like vari-
ability in the Peru-Chile current since late 19th century. Geophysical
Research Letters, 34(13), 1-6.

Villegas, M., Laudien, J., Sielfeld, W., & Arntz, W. (2019). Effect of for-
esting barren ground with Macrocystis pyrifera (Linnaeus) C. Agardh
on the occurrence of coastal fishes off northern Chile. Journal of
Applied Phycology, 31, 2145-2157.

Wang, C., Deser, C., Yu, J.-. Y., DiNezio, P,, & Clement, A. (2017). El
Nifio and southern oscillation (ENSO): A review. In P. W. Glynn, D.
P. Manzello, & I. C. Enochs (Eds.), Coral reefs of the eastern tropi-
cal Pacific: Persistence and loss in a dynamic environment (Vol. 8, pp.
85-106). Springer.

Wanner, M. S., Walter, J. A., Reuman, D. C., Bell, T. W., & Castorani, M.
C.(2024). Dispersal synchronizes giant kelp forests. Ecology, 105(4),
e4270.

Weidberg, N., Ospina-Alvarez, A., Bonicelli, J., Barahona, M., Aiken, C. M.,
Broitman, B. R., & Navarrete, S. A. (2020). Spatial shifts in productiv-
ity of the coastal ocean over the past two decades induced by migra-
tion of the Pacific anticyclone and Bakun's effect in the Humboldt
upwelling ecosystem. Global and Planetary Change, 193, 103259.

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET



THOMPSON-SAUD ET AL.

2210
=Lwiey

White, J. W., Rassweiler, A., Samhouri, J. F.,, Stier, A. C., & White, C.
(2014). Ecologists should not use statistical significance tests to in-

terpret simulation model results. Oikos, 123(4), 385-388.

Wood, S. N. (2017). Generalized additive models: An introduction with R.

CRC Press.

BIOSKETCHES

Gabriela Thompson-Saud is a PhD candidate interested in spa-
tial modelling for management and conservation purposes. Her
research is centred on the application of biophysical models to
marine dispersal, the use of ecological network analysis to assess
marine connectivity and the integration of geographic informa-
tion systems (GIS) to enhance spatial analysis.

Alana Grech's research uses conservation biogeography theory and
spatial technologies, such as geographic information systems (GIS),
geostatistics, network analysis, biophysical models and reserve de-
sign software, to inform the management of coasts and oceans.

Severine Choukroun is a physical oceanographer and biophysi-
cal modeller. She has developed hydrodynamic models to under-
stand and predict the interplay between physical and biological
processes and their influence on marine population connectivity
and persistence. She has experience in conducting observational
and modelling research on coastal and shelf dynamics.

Sebastian |. Vasquez is a marine biologist with a Master in
Fisheries Science. He is a senior research scientist at the Instituto
de Investigacion Pesquera, Talcahuano, Chile. His research inter-
ests are fisheries oceanography: spatio-temporal dynamics of
pelagic organisms, physical-biological coupling; marine organism
dispersal modelling and species distribution models; ocean op-
tics, remote sensing and hydrodynamic modelling; and ocean-at-
mosphere coupling and land-ocean interaction, focusing on river

discharges and plumes.

Cristian Salas is a PhD in Physics. He is a senior research scientist
at the Instituto de Investigacion Pesquera in Talcahuano, Chile.
His research interests are in physical oceanography, regional hy-
drodynamic models with a focus on physical-biological coupling.
He has experience modelling different areas such as fjords, bays,
river canyons and open sea.

Andres Ospina-Alvarez is a scientist at Instituto Mediterraneo de
Estudios Avanzados IMEDEA (CSIC-UIB), Spain, and is an expert
in ecological network analysis, small pelagic fishes, modelling
marine organism dispersal and connectivity, MPA design incor-
porating ecosystem services and social dimensions and assess-
ing the resilience of seafood trade to environmental changes and

overfishing pressures.

Author contributions: GTS conceived the idea, developed param-
eters for the biophysical model, ran the analysis and led the writ-
ing. AG and AOA contributed to the general concept, supervised
the work, participated in the analysis and reviewed the manu-
script. SC contributed to the analysis and reviewed the manu-
script. SIV implemented the biophysical model and reviewed the

manuscript. CS developed the hydrodynamic model.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Thompson-Saud, G., Grech, A,
Choukroun, S., Vasquez, S. |, Salas, C., & Ospina-Alvarez, A.
(2024). The biophysical dynamics of giant kelp, Macrocystis
pyrifera: Seasonal patterns and dispersal mechanisms in the
southeast Pacific. Journal of Biogeography, 51, 2198-2210.
https://doi.org/10.1111/jbi.14980

95U8017 SUOWIWOD SA1E81D 8ot [dde aup Ag peusencb a1e sajoie YO ‘9SN Jo SajnI Joj Akeuqi8UlJUQ A8]IM UO (SUONIPUOD-pUE-SWBl/L00" A | IMAleIq1jeul Juo//SAny) SUORIPUOD pue swis | U1 8eS *[520z/20/90] o AkeidiTauliuo AB|im ‘AisIeAlun %000 sewer Aq 0865T 10 (/TTTT 0T/I0p/L0o" A 1m Ariqijeuluo//Sdny woij pepeojumod ‘TT ‘720z ‘6692S9ET


https://doi.org/10.1111/jbi.14980

	The biophysical dynamics of giant kelp, Macrocystis pyrifera: Seasonal patterns and dispersal mechanisms in the southeast Pacific
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study area
	2.2  |  Coastal conditions
	2.3  |  Kelp distribution
	2.4  |  Coupled hydrodynamic-­individual based model
	2.5  |  Statistical analysis

	3  |  RESULTS
	3.1  |  Settlement of kelp spores
	3.2  |  Dispersal distance

	4  |  DISCUSSION
	4.1  |  Trajectory patterns of kelp fragments
	4.2  |  Influence of seasonal changes on kelp dispersal and settlement
	4.3  |  Influence of ENSO events on kelp dispersal and settlement

	5  |  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	BIOSKETCHES


