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ARTICLE INFO ABSTRACT

Dataset link: https://code.earthengine.google.c Kelp forest are foundation species that deliver key ecosystem services for coastal habitats. Chile is one of the
om/df92ced1763815d2d520dc23ab0b5814, ht largest exporters of kelp biomass, which relies on the harvesting of wild populations. The vast and rugged
tps://doi.org/10.5281/zenodo.14975329 coastline of Chile hinders field-based studies of the seasonal and spatial dynamics of kelp biomass, yet remote
Keywords: sensing approaches can provide an effective tool to study temporal patterns of kelp distribution and biomass.
Remote sensing Our study aimed to establish the basic patterns of variation in the surface area and biomass of a Macrocystis
Macrocystis pyrifera pyrifera forest off Concepcion Bay, Central Chile. Using archival data from the Landsat series we constructed
Seasonal variation a long-term series of annual kelp canopy cover and assessed patterns of interannual, and a seasonal variation
Chile kelp forest with the more recent Sentinel 2 data using Google Earth Engine. We validated satellite observations of the

kelp forest in the field by recording local temperature and nutrient concentrations and through a sample of
blades and stipes, which we used to estimate whole-individual in situ biomass through allometric relationships.
Finally, we related decadal to interannual changes in canopy cover to local and regional drivers using data
from public repositories. Our 24-year annual time series revealed large year-to-year variability in kelp forest
area that did not show a significant association with different El Nifio-Southern Oscillation indices, but the
deviance explained increased notably with a 1-year lag. The seasonal time series exhibited clear seasonal
patterns with cover peaking during summer. We found a significant influence of local environmental variables
such as temperature, wave height, nitrate concentration, and solar radiation on kelp forest area. Furthermore,
blade counts appeared as the most reliable metric for estimating M. pyrifera biomass. Interestingly, we found
no evidence of temperature or nutrient stress during the summer biomass peak, hence seasonal variation in
M. pyrifera abundance appears to be primarily influenced by solar radiation and wave activity in our study
population. Our results provide a basis to derive seasonal time series across Chile’s kelp forests and suggest that
understanding local stressors is key to ensure harvesting practices that promote the sustainable management
of these key habitats. As ongoing climate change and overexploitation threaten kelp forest habitats, remote
sensing emerges as a promising tool for the monitoring and management of extensive and remote coastlines.

1. Introduction (Duarte et al., 2022). They provide key ecosystem services by supplying
habitat and food for different fisheries and acting as a fishery re-
Coastal kelp forests, together with coral reefs and estuaries, rank source themselves (Pessarrodona et al., 2022; Eger et al., 2023). Among

among the most productive marine ecosystems in the global ocean
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macroalgae, the order Laminariales—kelps—stand out following their
characteristic habitat-forming strategy; mature forests generate com-
plex three-dimensional environments that sustain high rates of primary
productivity and harbor complex food webs (Steneck et al., 2002; Reed
and Brzezinski, 2009). In the Humboldt Current System, along western
South America, the importance of kelp is heightened by the reliance of
coastal socio-ecological systems on these forests (Cuba et al., 2022).
Chile is one of the largest exporters of wild kelp in the world; all
kelp species that occur along the coastline are harvested, particularly
over the northern region (Vasquez et al., 2024). There is considerable
concern regarding the sustainability of kelp harvesting as overexploita-
tion can have negative impacts on the entire ecosystem given the
foundational role played by these forest-forming species (Buschmann
et al., 2014; Vasquez, 2016).

Management plans and sustainable exploitation strategies for wild
populations should be grounded in a thorough comprehension of their
spatial and temporal ecological dynamics, biology, and ecology (Mace
and Reynolds, 2001; Betancourtt et al., 2018; Krausman and Cain,
2022). However, monitoring of kelp forests along the Chilean shorelines
poses major challenges given the large extent and the steep coastal
topography along the main kelp harvesting areas (Frangoudes et al.,
2011; Vasquez, 2016). While some studies have explored the distri-
bution and abundance of exploited kelp species along the Humboldt
Current, large-scale analyses remain limited (Carranza et al., 2024).
Most surveys have focused on local populations and used disparate
methodologies that hinder comparison of changes in kelp forest area
or biomass over time (Véasquez, 2016). In this context, the study of
the dynamics of kelp populations along the Chilean coast requires
the adoption of innovative approaches, such as remote sensing with
satellite images. Remote sensing has been used to observe the area,
biomass, and distribution of macroalgae and seagrasses with high ac-
curacy (Fornes et al., 2006; Setyawidati et al., 2018; Mora-Soto et al.,
2020), and has been shown to be more time- and cost-effective than
in situ sampling (Cavanaugh et al., 2010, 2011; Nijland et al., 2019;
Bell et al.,, 2020; Hamilton et al., 2020). Remote sensing methods
are powerful tools for mapping kelp forests; however, they are not
without limitations that can affect the accuracy of the results. Tidal
fluctuations, for instance, can influence the visibility and extent of the
canopy at the sea surface, leading to false positives or false negatives
in detection (Cavanaugh et al., 2011; Bell et al., 2015a). Variations in
water turbidity, atmospheric conditions, and satellite sensor resolution
further contribute to uncertainties in estimating kelp forest distribution
and biomass (Cavanaugh et al., 2021a; Timmer et al., 2024). These
challenges are compounded by the logistical difficulty of acquiring
sufficient training and validation data in remote locations, which can
result in underestimations of prediction errors and reduced robustness
of remote sensing models (Mora-Soto et al., 2020, 2022). Addressing
these limitations is essential to improving the reliability of remote
sensing-based assessments of kelp forest ecosystems. Failure to account
for these constraints risks inaccuracies that could undermine effective
management and conservation efforts (Bennion et al., 2019). By inte-
grating field-based studies with remote sensing tools, we can advance
our understanding of the functioning and regulation of large coastal
ecosystems, paving the way for more informed and effective ecosystem
management strategies.

Kelp forest mapping research has primarily focused on the estima-
tion of the floating canopy area, which can represent approximately
90% of the total biomass (Reed et al., 2015a). Less attention has been
given to biomass estimation of whole kelp forests, as they necessi-
tate the development of specific relationships between in situ floating
canopy measurements and satellite imagery (McPherson and Kudela,
2022). California Current is at the forefront with its long-term mon-
itoring program of the Santa Barbara region by the Santa Barbara
Coastal LTER, which has enabled the use of allometric calculations to
estimate biomass from kelp morphological measurements (Rassweiler
et al., 2018; Santa Barbara Coastal et al., 2021). Time series of canopy
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biomass have been derived from these data in conjunction with Landsat
satellite images (Cavanaugh et al., 2011; Bell et al., 2015a). However,
the lack of data in other regions limits extrapolations of biomass estima-
tions and, consequently, large-scale estimates of carbon sequestration
and primary productivity rates from satellite data (McPherson and
Kudela, 2022). For example, it is unclear the degree to which kelp
length-to-weight relationships vary regionally. Recently, a step forward
was made at the Chilean sub-Antarctic ecoregion with a estimation of
net primary production on three natural populations, enhancing our
understanding of sub-Antarctic kelp’s role in carbon flux (Palacios et al.,
2024). With Chile’s extensive coastline hosting a variety of kelp species,
developing specific local and species biomass relationships is essential
for the future management of these marine forests.

The giant kelp, Macrocystis pyrifera C. Agardh (1820), is widely
distributed along temperate shores worldwide (Graham et al., 2007).
A number of studies in populations of M. pyrifera along the coast of
southern Australia, Chile and California have shown that the growth of
subtidal stands are strongly seasonal and depend on the supply of nutri-
ents by different oceanographic processes, together with low-frequency,
large-scale climatic disturbances such as El Nifo-Southern Oscillation
(ENSO) cycles (Dayton et al., 1999; Reed et al., 2011). Temperature
plays a crucial role on Macrocystis life cycle, varying according to the
local adaptation of populations to different latitudes (Schiel and Foster,
2015; Hollarsmith et al., 2020). Nitrogen has been identified as a key
nutrient showing variations with blade age (Rodriguez et al., 2016),
correlations with growth rates within the kelp forest (Stewart et al.,
2009), and uptake efficiency dependent on nutrient concentration dur-
ing growth (Kopczak et al., 1991). Along the coast of Chile, local M.
pyrifera populations show different responses to stressors, including
shifts in their dynamics and reproductive strategies under varying wave
exposures (Buschmann et al.,, 2006), or alterations in reproductive
success amid climate change (Hollarsmith et al., 2020).

The exploitation of M. pyrifera in Chile has been on the rise, av-
eraging 26,498 tons per year between 2008 and 2020, resulting in
a cumulative extraction of 344,472 tons (SERNAPESCA, 2021). The
Atacama coast, in northern Chile is the primary hub for the harvest
of giant kelp, which is scarcely monitored and has recently been
linked to fluctuations in the copper industry (Vasquez, 2016; SER-
NAPESCA, 2021; Vasquez et al., 2024). Distribution models projected
under consensus climate change scenarios for the future forecast a
loss of habitat suitability for M. pyrifera along the coast of north-
ern Chile (Gonzalez-Aragon et al., 2024; Assis et al., 2023). At the
other extreme, the western shores of Patagonia along southern Chile
host giant kelp forests that are not yet exploited; two centuries of
records document their resilience and identify the zone as a climatic
refuge (Friedlander et al., 2018; Huovinen et al., 2020; Mora-Soto et al.,
2021). Along central Chile, M. pyrifera extraction is also minimal (SER-
NAPESCA, 2021). Light and nutrient levels can be consistently high
throughout the year, enabling continuously high M. pyrifera sporophyte
productivity (Graham et al., 2007).

The ecological and economic importance of wild giant kelp pop-
ulations in Chile, coupled to the extensive range of environmental
conditions found along the vast coastline reinforces the importance of
understanding temporal patterns of spatial variability and the identify
the drivers of kelp abundance dynamics. Hence, monitoring over long
time scales is a key knowledge gap that we may partially fill using
remote sensing, which can be supplemented through targeted field
sampling to understand the role of local environmental and ecological
processes (Cavanaugh et al., 2021a; Carranza et al., 2024). Our study
aimed to establish basic patterns of variation in surface cover of a M.
pyrifera forest off Central Chile and pinpoint its key drivers using data
collected in the field, from public repositories and remote sensing. As
an initial step, we analyze interannual to decadal variations in the
resultant kelp area time series to evaluate the potential influence of
climatic factors, including ENSO and sea surface temperature changes.
Subsequently, we examine variables affecting the retrieval of giant
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Fig. 1. Methodological workflow diagram. The workflow begins with Google Earth Engine, branching into two main paths. At the top (yellow), the process involves using Landsat
data to create a long-term time series following the methodology described by Bell et al. (2020). This culminates in GAM analyses linking the time series with climate indices. The
bottom and center (dark blue) represent the creation of a seasonal time series using Sentinel-2. The workflow starts by applying various water, turbidity, and vegetation indices.
From the vegetation index, we derive the seasonal time series, applying and comparing two thresholds, ultimately selecting the dynamic threshold. Finally, this time series was
analyzed using GAMs against various in situ and remote environmental variables. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

kelp forest surface cover using remote sensing. Additionally, we aim
to understand seasonal changes in area in relation to environmental
factors measures in the field such as local ocean temperature and
nutrient availability, and from public repositories such as wave height,
wind and solar radiation. Finally, we present an approximation of
local biomass estimation derived from our direct measurements and
satellite imagery. Remote sensing may thus comprise a highly valuable
methodology for the extensive and remote Chilean coast, and could
emerge as an approach for conservation.

2. Methods

A schematic representation of the methodological workflow is pro-
vided in (Fig. 1). The components of this workflow are further elabo-
rated upon in the subsequent sections. In this study, we used data from
two different satellite platforms (Landsat and Sentinel-2; Table 5).

2.1. Study area

Our study was conducted on a population of M. pyrifera occupying
the shoreline off Punta de Parra, situated at the northeastern side of
Concepcién Bay (CB)(Fig. 2). The CB has a nearly rectangular shape
and it opens to the ocean on the north-facing side (Sobarzo et al.,
1997). It is a shallow semi-enclosed system spanning 190 km? of
surface area with maximum width of 12.5 km and a maximum depth
of 48 m (Sobarzo et al., 1997). The bay receives a fluvial contribution
from river and nearby estuaries together with several point-sources
from industrial and urban activity (Ramén et al., 1983; Silva et al.,
1987; Rudolph et al., 2002). Two contrasting wind regimes characterize
CB: southwest winds dominate from September to March, and north
winds prevail from May to July (Saavedra, 1980). The transfer of wind
momentum over the sea surface within CB leads to the formation of
two layers exhibiting nearly anti-parallel directions (Sobarzo et al.,
1997). Winds blowing from the north drive surface water into the bay,
resulting in a compensating outflow near the bottom. Conversely, south
winds drive surface water circulation outward and the infiltration of

a bottom layer of water. Coastal upwelling is strongly seasonal and
peaks during spring and summer months when the equatorward winds
intensify and temperatures drop below 14°C, indicative of recently
upwelled water (Sobarzo et al., 2007; Farias et al., 2021). Seasonal
coastal upwelling is the primary driver of productivity and drives
seasonal variation within CB (Sobarzo et al., 2007). Sediments plays
a pivotal role as a nutrient source rather than a sink, with organic
nitrogen remineralization reaching percentages of 73%-86% via ben-
thic regeneration (Farias et al., 1996). Recently, alterations in this
regime were attributed to the increased upwelling strength following
an intensification of the South Pacific Anticyclone, even during winter,
along with shifts in precipitation patterns (Schneider et al., 2017; Farias
et al., 2021; Bustos-Espinoza et al., 2024).

2.2. Long term annual canopy series with Landsat dataset

To reconstruct interannual changes in the forest area of M. pyrifera
at Punta de Parra, we developed a time series of emergent kelp forest
canopy following Cavanaugh et al. (2010) and using imagery from
the Landsat 5 (L5) Thematic Mapper (TM), Landsat 7 (L7) Enhanced
Thematic Mapper Plus (ETM+), and Landsat 8 (L8) Operational Land
Imager (OLI) satellites. Although the satellites leveraged included ob-
servations beginning in approximately 1984, valid images for our study
domain were available from 1999 to 2022. Recently, the advent of
cloud-based platforms like Google Earth Engine (GEE) has streamlined
the process of working with satellite images, significantly reducing
the time required for large-scale geoprocessing and analysis (Gore-
lick et al., 2017). The Application Programming Interface (API) of
GEE enables real-time visualization of outcomes, and the availability
of open-access satellite imagery datasets expedites longitudinal pop-
ulation monitoring (Pérez-Cutillas et al., 2023). Landsat Collection
1 Level-2 reflectance data were accessed and processed via GEE to
develop a 24-plus-year time series of emergent kelp forest canopy.
The pixel classification was performed using a two-step process, in
which: (1) a decision tree classifier identified likely kelp containing
pixels; and (2) kelp coverage within each pixel was assessed using
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Fig. 2. Population of Macrocystis pyrifera at Punta de Parra, Concepcién, Chile. The top left panel shows a map of South America, with the study area highlighted in a red box.
The bottom left panel provides a closer view of Concepcién Bay, with Punta de Parra highlighted in another red box. On the right, the Sentinel-2 Harmonized Level 2A image is
displayed in RGB, overlaid with the M. pyrifera population delineated using the NDREB index from January 18, 2023. The color gradient represents vegetation index values, with

darker red hues indicating the highest values.

Multiple End-Member Spectral unMixing Analysis (MESMA). MESMA
served as quality control for the decision tree classifications (pixel
values indicating less than 13% coverage were discarded as likely glint;
pixel values greater than 300% were discarded as likely rock). All image
analyses were performed via GEE. Validation has been performed in the
Falkland-Malvinas Islands (Houskeeper et al., 2022), together with im-
age review opportunities by local experts as part of the KelpWatch data
pipeline (Bell et al., 2020). We define the annual window using July 1
to June 30 corresponding to the southern hemisphere winter-to-winter
cycle centered on the southern hemisphere summer. We compiled one
scene per year for the period 1999-2022, representing the mean annual
values for each year. Cloudy pixels were masked and excluded from the
analysis, resulting in these areas being represented as NaN values in
the dataset. To mitigate data loss caused by cloud cover, the analysis
leveraged on the high frequency of repeated observations within each
year, providing multiple opportunities to retrieve cloud-free pixels in
the time series. The approach is less effective in the earlier part of
the time series because of the limited number of satellites in orbit.
However, with the advent of multiple Landsat generations operating
simultaneously in recent decades, the ability to mitigate data loss from
cloud cover has significantly improved. The pixel values of the study
area were then extracted to calculate the kelp canopy fraction using
QGIS v3.22 (QGIS Development Team, 2022). Pearson’s correlation was
employed to assess the potential relationships between the pixel values
of the different sensors: Landsat 5, Landsat 7, and Landsat 8 (R Core
Team, 2022).

To evaluate the influence of large-scale climatic disturbances on
kelp cover we downloaded monthly data for the Ocean Oscillation

Index (ONI), Multivariate ENSO Index (MEI), and Southern Oscillation
Index (SOI) data from NOAA (National Oceanic and Atmospheric Ad-
ministration, 2023). To assess the impact of ENSO indices (ONI, MEI,
and SOI) on the long term annual canopy series with Landsat imagery,
we employed GAMs (Generalized additive models) analysis with the
mgcv (v1.9-1) package to analyze the nonlinear effects of variables in
the time series (Wood, 2017; Pedersen et al., 2019; R Core Team, 2022).
GAM analysis was performed with a smoothing parameter (k) of 20
for each variable. The analysis utilized a Gaussian family basis “cr”
(cubic regression) and the “REML” (restricted maximum likelihood)
method. As large-scale climatic oscillations develop over long temporal
scales, their effects on M. pyrifera populations may be observed with
a lag in time. Therefore, we compared the kelp time series with the
climatic indices using a 1-year lag to account for potential delayed
impacts (Beas-Luna et al., 2020). The GAM analysis was performed
using data from the Landsat 7 ETM+ time series, chosen to provide
the longest temporal span (2000-2022).

2.3. Seasonal canopy series with Sentinel 2

We extracted Sentinel 2 (S2) Harmonized Level 2A imagery using
GEE (Gorelick et al., 2017; Claverie et al., 2018). We chose S2 im-
agery to observe the seasonality of macroalgae cover because of its
temporal and spatial resolution compared to other satellites such as
Landsat. This is possible thanks to the constellation of its two identical
satellites (S2A/S2B), which are 180° out of phase and achieve a revisit
frequency of 5 days at equatorial latitudes. In addition, the Multispec-
tral Instrument (MSI) sensor on board both satellites covers a wider
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spectral range (ESA, 2015). The shorter revisit time of S2 allowed us to
generate a more complete time series over time. In addition, the spatial
resolution of S2 is well suited for our coastal population, as it is less sus-
ceptible to the influence of reflectance values from rocks, sand, waves
and others. To effectively monitor the giant kelp canopies, we initially
employed a cloud detection model integrated with a support vector
machine (SVM) and cloud-score algorithm detailed in Li et al. (2022).
The method is known for its superior accuracy relative to alternative
cloud detection approaches (e.g., QA60 band method) and we created
a mask around the M. pyrifera population for its implementation.

A total of 320 cloud-free scenes were extracted from the study
area from imagery collected between December 2018 and June 2023.
The normalized difference water index (NDWI) was used to observe
the possible effect of sun glint, a direct specular reflection of solar
radiation that can affect the visualization of the giant kelp population
(1) (Xu, 2006; Fell, 2022). In order to visualize each scene effectively,
the NDWI index was incorporated into GEE, as it provides high values
in water pixels impacted by sunglint (Fell, 2022). Water turbidity and
tidal height are determinant factors that affect the visualization of the
giant kelp canopies (Cavanaugh et al., 2021a). We used normalized dif-
ference turbidity index (NDTI) as a proxy for water turbidity (2) (Elhag
et al., 2019). The NDTI index indicates higher turbidity of water pixels
at higher values (close to 0) and lower turbidity of water pixels at more
negative values (close to —1) (Lizcano-Sandoval et al., 2022). The NDTI
was calculated for the 320 scenes by creating a specific mask around
the M. pyrifera population so pixels with giant kelp canopy will not
influence the reflectance values of water pixels. The mask layer was
manually crafted in QGIS v3.22 (QGIS Development Team, 2022), and
then imported the shapefile into GEE. Subsequently, the code specified
that the scene would be intersected with the mask layer and computed
the NDTI. The average of all pixels values would be calculated, and
ultimately, the direct output of the average NDTI value was directly
visible on the console of the GEE code editor. The height of the tide
has an effect on the amount of canopy that is visible at the time of
the satellite image acquisition (Bell et al., 2020). To measure the effect
of tidal height, data were extracted from Sea level station monitoring
facility of the Talcahuano station, depending on which satellite had
obtained the scene in our study area (S2A at 14:37 h and S2B at
14:47 h) (ESA, 2015; Flanders Marine Institute (VLIZ); Intergovern-
mental Oceanographic Commission (IOC), 2023). We used Pearson’s
correlation to observe the potential association between turbidity and
tidal height variables and their influence in visualization.

To quantify M. pyrifera forest area, we employed the normalized
difference red-edge blue index (NDREB) in GEE (3). Cavanaugh et al.
(2021b) compared twenty multispectral vegetation indices and de-
termined that NDREB was the most robust to accurately separate
kelp from water pixels under different environmental conditions. The
NDREB index outperformed other indices by leveraging on the unique
spectral properties of M. pyrifera, which is characterized by its high red-
edge and low blue reflectance, in contrast to the higher blue and lower
red-edge reflectance of water (Cavanaugh et al., 2021b). As a brown
alga lacking chlorophyll b, M. pyrifera exhibits distinct spectral features
compared to green vegetation and algae, including elevated reflectance
between the absorption peaks of chlorophyll a and ¢ (Colombo-Pallotta
et al., 2006). Combined with seawater’s strong blue reflectance, these
properties enhance the contrast between the blue and red-edge/NIR
regions, making NDREB a highly effective index for detecting brown
algae (Bell et al., 2015b; Cavanaugh et al., 2021b).

The indices were calculated based on the S2 bands (see Table 6).
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Considering the close proximity of the Punta de Parra kelp bed to
the shoreline (Fig. 2), we manually created a mask to minimize the
effects of rock, sand, and breaking waves. The buffer facilitated pixel
extraction pixel for both the population and the surrounding water. To
extract the area of M. pyrifera from the scenes we took two approaches:
a conservative threshold and a dynamic threshold. The conservative
threshold classified the kelp canopy as all pixels with NDREB values
> 0, while the dynamic threshold, proposed by Cavanaugh et al.
(2021b), provided a novel and adaptable method. To evaluate its
performance, particularly under varying conditions such as tides and
turbid waters, we included the conservative threshold as a comparison.
The dynamic threshold involves an empirical histogram with all pixel
values for each scene, which were extracted using GEE. Then, using
the findpeaks function from the pracma package of RStudio (Borchers,
2023; R Core Team, 2022), we identified both the water and kelp
peaks and defined a peak midpoint as the value between these two
peaks. Pixels with a value above the peak midpoint were considered to
be kelp canopy. After confirming normality with a Shapiro-Wilk test
for the two time series generated using the dynamic and conservative
thresholds, we employed Pearson’s correlation to examine their linear
association (Sedgwick, 2012). We then used multiple linear regression
analysis to observe the combined effects of turbidity and sea level
on the area of M. pyrifera for both the conservative and dynamic
thresholds (Faraw, 2015). The area of each scene and the statistical
analysis were carried out in RStudio version 2023.9.1.494 (R Core
Team, 2022).

2.4. Environmental drivers

To measure the effect of environmental variables on giant kelp for-
est area, we sampled directly the Punta de Parra population. We chose
three sites along the M. pyrifera bed: one in the northern, outermost
zone of the population, a second in the middle, and a third in the south-
ernmost edge (Fig. 2). We deployed HOBO sensors at approximately
2 meters depth at the three sites to measure the in situ temperature
every 15 min from December 2021 to January 2023. We determined
the average temperature across the three sites and derived the daily
average. Sea Surface Temperature (SST) and the anomalies were ac-
quired from NOAA CDR OISST v02r01 (Optimum Interpolation) dataset
via GEE for the study area for the entire NDREB time series (December
2018 to June 2023) (Reynolds et al., 2008). A GAM was employed to
examine the potential effect of temperature on the seasonal area time
series using the mgcv package (Pedersen et al., 2019; Wood, 2017).
Since the seasonal time series was dependent on image availability and
is therefore not continuous, we generated a 7-day average temperature
prior to each kelp forest area measurement. We conducted the GAM
analysis with a smoothing parameter (k) of 60 for in situ temperature
and 100 for satellite SST. Following the smoothing, we examined the
k-index, which indicated values very near to or exceeding 1 in both
cases. The regression basis used for each variable was “cr” (cubic
regression), the family was Gaussian and the method “REML”. Both
GAM models were parsed using Akaike Information Criteria (AIC) to
determine which temperature model (in situ or satellite) best fits the
M. pyrifera area data (Burnham and Anderson, 2002).

Water samples were collected at the same locations in the kelp
bed to determine nutrient concentrations (nitrite, nitrate, silicate, phos-
phate), following a standard protocol Rev 03/2019 GG/KS, at approx-
imately monthly intervals from December 2021 to March 2023. We
used the average nutrients value of the three sites considering that our
satellite-based approach allowed for the examination of the entire kelp
forest area. We also calculated the N:P ratio by summing nitrite and
nitrate, and subsequently dividing by phosphate. Given the small size of
the dataset, we used a linear model for nutrient analysis. Prior to this, a
visual inspection of the data indicated very high values for some nutri-
ents. Consequently, we conducted linear regressions independently to
assess the potential impact of each nutrient on the population area. For
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a more comprehensive understanding of nutrient dynamics in the Punta
de Parra population, we analyzed our in situ nutrient data alongside
data from an offshore station (36° 30.80’S, 73° 7.75°'W) (Farias et al.,
2021) using Pearson correlation analysis.

Data on significant wave height (Hs) and maximum wave height
(Hmax) were obtained from the Hydrographic and Oceanographic Ser-
vice of the Chilean Navy (SHOA) and used to examine their potential
effect on the kelp forest area estimates and dynamics. Data was avail-
able from October 24, 2017, to March 8, 2021, collected at Talcahuano,
a port located astride Concepcion bay from our study site. As the
seasonal time series is dependent on image availability and not con-
tinuous, we calculated a 7-day average for Hs and Hmax on the days
leading up to each kelp forest area measurement. We used a GAM
analysis using the mgcv package, with a smoothing parameter (k) of
60, a cubic regression basis (cr), a Gaussian family, and the REML
method (Pedersen et al., 2019). Only Hs yielded a significant result,
so the analysis was repeated using this variable alone with the same
parameters.

Significant height of combined wind waves and swell (SWH), Free
convective velocity over the oceans (CV) (m s™1), surface net solar
radiation (SSR)(J m~2), total precipitation (TP)(m), and U-component
(eastward) of wind (u10)(m s~1) were downloaded from ERAS5 reanal-
ysis for the period (December 2018 to June 2023) (Hersbach et al.,
2020). This period was chosen to synchronize with the S2 time series
developed. The ERAS reanalysis, created by the European Center for
Medium-Range Weather Forecasts (ECMWF), presents an extensive
global archive of atmospheric, land surface, and ocean wave conditions
since 1950 (Hersbach et al., 2020). Notably, it features an enhanced
spatial resolution of 0.25° and delivers hourly output.

For the statistical analysis, we first plotted the environmental vari-
ables alongside the time series of M. pyrifera area to visually assess
potential relationships. Given the seasonal nature of the time series,
a linear correlation between the dependent variable (area) and the
independent variables (environmental drivers) was not evident, in light
of this, a GAM was chosen for the analysis. A monthly average of
all variables and the area were computed prior to analysis (Wood,
2017). The GAM analysis was conducted with a smoothing parameter
(k) of 40 for each variable. Subsequently, the k-index was examined,
revealing values very close to or greater than 1 in all cases. The basis
used for each variable was “cr” (cubic regression). To account for the
seasonal variability in our analysis, we included a cyclic cubic spline
term for the month variable with k=10. The family was Gaussian and
the method “REML”. The analysis was conducted in R Studio using
the mgev package (Pedersen et al., 2019). From this initial analysis,
only solar radiation exhibited a significance value of less than 0.05 (R-
sq.(adj) = 0.584, Deviance explained = 77.8%). Subsequently, a second
GAM analysis was conducted, focusing solely on solar radiation and its
relationship with the area of the kelp forest.

2.5. Biomass estimation

Biomass estimation sampling was conducted in the Punta de Parra
population during summer of 2023, employing the methodology de-
tailed in McPherson and Kudela (2022). Over three days, spaced one
month apart, data collection took place at the same three specified
sited where were we obtained temperature and nutrient in situ data. A
total of 18 M. pyrifera canopies of different individuals were weighed
on the boat using a portable scale. Depth measurements were taken
before collecting the individuals for weighing. Onshore, we counted
the number of blades, fronds, and measured the longest frond for each
individual. We then used linear regression to examine the association
between biomass (kg) and the number of blades and fronds. To estimate
kelp density, we conducted a total of 8 transects (20 x 1 m) across
the three study sites, which correspond to the buoy locations where in
situ temperature was measured. In each transect, all individuals within
the area were counted. On the other hand, we computed the NDREB
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index using S2 images corresponding to the days of the transect surveys
following the previously described method. Subsequently, we applied
linear regression models to analyze kelp density, using the counts from
the 8 transects as an approximation of density and the NDREB values
obtained of four pixels at the transect location. All statistical analyses
were performed using RStudio version 2023.9.1.494 (R Core Team,
2022).

3. Results
3.1. Long term annual canopy series with Landsat dataset

The annual time series yielded 23 years of data (1999-2022) for
the M. pyrifera forest area at Punta de Parra (Fig. 3). No discernible
positive or negative trend was identified for the series. The maximum
area recorded was 2.484 ha in 2021, while the minimum area was ob-
served in 2020, measuring 0.351 ha. A strong positive correlation was
observed between kelp forest area between satellites sensors, reaching
0.96 between L5 and L7, and 0.90 between L7 and L8. The time series,
derived from annual compilations, displayed notable variability with a
distinct pattern of fluctuating area over time. It is noteworthy that the
extensive L7 series consistently exhibits no area less than 1 ha, except
for 2020, which saw a significant decrease. Regarding the statistical
analysis, none of the ENSO indices was significantly associated with
the annual time series. However, a notable difference was observed in
the variance explained by the ENSO indices with no lag (Adjusted R? =
—0.0999, deviance explained = 5.01%), which increased when a 1-year
lag was applied (Adjusted R? = 0.138, deviance explained = 31.3%).

3.2. Seasonal canopy series with Sentinel 2

The seasonal time series derived using NDREB with the dynamic
threshold revealed a seasonal pattern, with peak area values during
austral summer and troughs in winter (Fig. 4). The maximal area
recorded reached 3.571 ha during the austral summer of 2021, while
the minimum was observed in austral winter 2019, with an area of
only 0.047 ha. Similar to the annual series, the notable decrease in area
observed during the 2020 period stands out. Furthermore, the seasonal
time series created with the conservative threshold (> 0) revealed
a similar seasonal pattern 4. The maximum value was found in the
summer of 2023, reaching 3.887 ha. The latter value is closely followed
by the outlier detected in summer 2020 (3.756 ha), during which no
values above 1 ha were observed for the entire season. The minimal
value recorded in the time series was 0.013 ha during the winter of
2019, consistent with the values observed in the series using dynamic
thresholds. The correlation between the time series using dynamic
thresholds and the conservative approach was strongly positive (r =
0.84). Turbidity, assessed via the NDTI index, showed a seasonal pat-
tern with peak values during summer, reaching a maximum of —0.03,
signifying heightened turbidity during these months. Conversely, the
lowest values were recorded in winter, with a minimum of —0.98,
indicative of greater water column clarity during this period (see Fig.
4). Regarding the effect of turbidity and sea level on the visualization
of the M. pyrifera population at Punta de Parra, we detected variations
between conservative and dynamic thresholds (Table 1). Overall, the
joint effect of turbidity and sea level explained more variability in
the data with the conservative threshold (R%2 = 0.18), than with the
dynamic threshold (R? = 0.14). Hence, we used the time series with
the dynamic threshold to test the effects of different environmental
variables on the satellite canopy area. Seasonally, we observed a greater
effect in winter (R = 0.38). When examined separately, tidal height
had similar effects between thresholds (R> = 0.12, Supplementary
Table 7). However, we noted differences in the impact of turbidity on
satellite canopy area (R? = 0.05 and 0.11, see Supplementary Table 8).
The correlation between turbidity and sea level was weakly negative
(-0.28).
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Fig. 3. Time series of M. pyrifera population area at Punta de Parra extracted from Landsat imagery (1999-2022). In yellow with dashed line Landsat 5 satellite images, in black
Landsat 7 images and in red with dashed lines Landsat 8 images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
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Fig. 4. Seasonal time series of the Macrocystis pyrifera population area at Punta de Parra, derived from Sentinel-2 imagery (2019-2023). (A) NDREB vegetation index time series
using a dynamic threshold. (B) NDREB vegetation index time series using a conservative threshold (values > 0). (C) NDTI turbidity index time series.

The in situ temperature fluctuated between of 17.02 °C in January
2022 (summer) and a minimum value of 9.99 °C in October 2022
(spring), with greater variability during the spring and summer months
(Fig. 5A). This variable showed a significant effect on the area of the M.
pyrifera forest (Table 2). In comparison, satellite SST also showed signif-
icant effect, but explained deviance less variance. The SST time series
exhibited a clear seasonal pattern, with the highest values occurring in
summer and the lowest in winter (Fig. 8).

When comparing the models, the AIC of the GAMs indicated that
the in situ temperature model provided a better fit (AIC = 211.88)
compared to the satellite SST GAM (AIC = 810.71). Notably, the
correlation between in situ temperature and satellite-derived SST was
weak (Pearson’s r = 0.332, R? = 0.11). Additionally, a systematic bias

was observed, with satellite measurements consistently overestimating
temperatures compared to in situ measurements (Bias = —4.33).

Significant wave height also influenced kelp forest area, though the
deviance explained was low (6.98%). A seasonal pattern was evident,
with larger wave heights during winter months (Fig. 8). Among the
environmental variables derived from ERA5, only solar radiation (SSR)
showed a significant statistical relationship with the kelp forest area
(Table 2). The SSR time series followed a distinct seasonal pattern,
peaking in summer and reaching its lowest values in winter (Fig. 8).
Notably, SSR data were unavailable during winter months due to cloud
cover, resulting in missing values for that period.

Regarding nutrients, elevated levels of nitrate and silicate were
observed during the autumn and winter months, whereas nitrite and
phosphate levels remained relatively constant throughout the year (Fig.
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Fig. 5. (A) Time series of in situ temperature data at Punta de Parra. The red line is the daily average, while the gray shading indicates the daily standard deviation. (B) Time
series of in situ nutrient values at Punta de Parra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Results of multiple linear regression analysis for Macrocystis pyrifera canopy area in
Punta de Parra using the NDREB index (Normalized Difference Red-Edge/Blue Index)
as the response variable. Predictor variables include the NDTI index (Normalized
Difference Turbidity Index) and tidal height. Results are presented for each season and
for the entire time series (December 2018 to June 2023). The table includes values
for both thresholds (dynamic and conservative), showing the adjusted coefficient of
determination (R?> Adj) and the number of satellite images (n) used in the analysis.

Season Threshold R? (Adj) n
Summer dynamic 0.06 119
Autumn dynamic 0.15 66
Winter dynamic 0.38 52
Spring dynamic 0.06 83
Total dynamic 0.14 320
Summer conservative 0.12 119
Autumn conservative 0.1 66
Winter conservative 0.33 52
Spring conservative 0.09 83
Total conservative 0.18 320

5B). Among these, nitrate, silicate, and the N:P ratio were found to
have significant effects on the area of M. pyrifera (Table 3). Offshore
nutrient data, in contrast, exhibited a different seasonal pattern, with
high nitrate values during the summer (Fig. 7). However, no signif-
icant correlations were found between in situ and offshore nutrient

concentrations (Fig. 10).

3.3. Biomass estimation

We found a robust positive relationship between the number of
blades and biomass (kg), which was weaker when comparing the
number of fronds and biomass (kg) (Table 4, Fig. 6). Extrapolating these
relationships to satellite-derived canopy area revealed a positive and
significant relationship between density transects and NDREB values
(Table 4, Fig. 9). The relationship between kelp density and NDREB
values was weak (R%= 0.18), likely influenced by the limited number
of transects (n = 8) conducted during the austral summer of 2023.
Therefore, we focused on analyzing kelp forest area time series.

4. Discussion
4.1. Long term annual canopy series with Landsat dataset

Kelp forests ecosystems have provided vital resources for genera-
tions of inhabitants of the southeastern Pacific shores (Aguilera et al.,
2019; Alcalde et al., 2023). The growing pressures of harvesting and
climate change highlight the need to understand their dynamics for
better management. Along the coast of Chile, most attention on giant
kelp forests has been focused on extraction in the northern sector or
the climatic refugia on the southern extreme, leaving central Chile
understudied. The 24-year time series of a M. pyrifera forest in Central
Chile is a unique contribution to understand kelp dynamics of the vast
central region. The annual time series exhibited the high variability
observed in other giant kelp populations, characterized by fluctuating
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Results of the generalized additive models (GAMs) examining the relationship between the seasonal time series of Macrocystis pyrifera canopy area
and environmental drivers. The table reports the estimated degrees of freedom (EDF), F-statistic, p-value, adjusted coefficient of determination
(R? Adj), and the percentage of deviance explained for each environmental variable: in situ temperature, satellite-derived sea surface temperature

(SST), significant wave height, and solar radiation.

Environmental drivers Edf F-Statistic p-value R? (Ad)) Deviance explained
in situ temperature 3.36 3.96 0.004 0.17 19.6%
SST satellite 3.17 13.91 <0.001 0.15 15.6%
Significant wave height 1.05 11.57 <0.001 0.06 6.98%
Solar radiation 12.82 2.19 0.038 0.38 57.9%

Table 3

Results of the linear regression analysis examining the relationship between the seasonal

time series of Macrocystis pyrifera canopy area and in situ nutrient concentrations

(nitrate, nitrite, silicate, and phosphate). The table presents the F-statistic, p-value,

and adjusted coefficient of determination (R?> Adj) for each nutrient variable.
Variable p-value R? (Ad))

Nitrate 15.97 0.003 0.565
Nitrite 0.56 0.47 —0.041
Phosphate 0.42 0.533 —-0.056
N:P 17.25 0.002 0.5963
Silicate 22.71 <0.001 0.664
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Fig. 6. Kelp canopy biomass (kg) scatter plot against number of blades (upper) and
fronds (down) with the regression line for Punta de Parra.

area from year to year with no discernible trends (Cavanaugh et al.,
2011; Friedlander et al., 2020; Bell et al., 2023).

A number of studies in populations of M. pyrifera along the coast of
southern Australia, Chile and California have shown that the growth
of subtidal stands are strongly seasonal and depend on the supply
of nutrients by different oceanographic processes, together with low—
frequency, large-scale climatic disturbances such as ENSO cycles (Day-
ton et al.,, 1999; Reed et al., 2011). In contrast to findings in other
studies (Butler et al., 2020; Bell et al., 2020; Friedlander et al., 2020)

but consistent with findings from the Falkland-Malvinas Islands (Hous-
keeper et al., 2022), our analysis did not reveal a significant association
with ENSO variability on the same year. Nonetheless, the variance
explained increased when introducing a 1-year lag, similar to locations
around the Southern ocean (Tierra del Fuego and Falkland-Malvinas,
Friedlander et al., 2020; Houskeeper et al., 2022), which suggests
delayed effects of ENSO events on giant kelp populations (Pfister et al.,
2018). The seasonal upwelling in central Chile is correlated to the an-
nual migration of the South Pacific Subtropical Anticylone (Ancapichiin
and Garcés-Vargas, 2015). ENSO events modify seasonal upwelling in
central Chile — delayed during El Nifio and advanced during La Nifia —
which has important implications for SST and nutrient supply (Mufioz
et al., 2023). Also, the absence of a discernible trend in kelp forest
area suggests that recent changes in Conception Bay’s regime, driven
by increased upwelling pulses even during winter, or alterations in
precipitation patterns, may not have had a significant influence on
kelp biomass dynamics (Schneider et al., 2017; Bustos-Espinoza et al.,
2024). To clarify the phenological effects of seasonal upwelling on
central Chile’s giant kelp forests will require long-term time series with
validation over temporal scales that can capture the seasonal cycle in
biomass dynamics. A potential approach to reliably capture seasonal
and phenological patterns using remote sensing estimates involves
multiple validations per year over multiple years, an approach that has
proven effective in capturing multispecies dynamics (Bell et al., 2020;
Lgnborg et al., 2021; Cingano et al., 2024).

4.2. Seasonal variability in the canopy series with Sentinel 2

Although the annual kelp forest area time series offers valuable
insights, the strong seasonal population dynamics generates strong
variability during the year, which was the rationale for generating a
high temporal resolution series. The monthly area fluctuations over
four and a half years exhibited a clear seasonal pattern characterized
by summer peaks and winter troughs, aligning with patterns described
for other population in central Chile (Buschmann et al., 2004; Almanza
and Buschmann, 2013). Increases during spring-summer correlated
with higher radiation values and the period of more intense upwelling
documented for Concepcién Bay (Sobarzo et al., 2007). The pattern
aligns with the analysis of environmental variables, where we identified
an influence of temperature, nitrate, silicate, and solar radiation on the
dynamics of the Punta de Parra kelp forest area.

Notably, both the annual and seasonal time series showed a de-
crease in area in 2020. None of the environmental variables analyzed
exhibited anomalous values for that year, we lack empirical data to
explain that occurred during the summer of 2020. Moreover, the pro-
nounced variation in area we report between 2020 and 2021 fits with
the exceptional growth rates of M. pyrifera, which can exceed 30 cm
per day under favorable conditions (Van Tussenbroek, 1989; Graham
et al., 2007). This rapid growth enables M. pyrifera forests to recover
from seasonal disturbances and quickly expand their canopy. On the
other hand, seasonal stressors such as reduced solar radiation, increased
wave activity, and nutrient fluctuations during winter months can cause
massive biomass reductions (Dayton et al., 1992; Reed et al., 2015b).
Our findings underscore the strong influence of environmental drivers
on kelp forest dynamics, with summer conditions promoting dense,
expansive canopies and winter conditions leading to significant canopy
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Table 4
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Result of the linear regression analysis for estimating the biomass (kg) of Macrocystis pyrifera using the number of canopy blades and the
number of canopy fronds as predictor variables. Additionally, the results of the linear regression analysis between the density transect and
NDREB values are shown. The table includes the slope, intercept, adjusted coefficient of determination (R?> Adj), F-statistic, and the number of

observations (n).

Giant kelp Slope Intercept R? (Adj) F-Statistic n
Number of canopy blades Biomass (kg) 0.04 + 0.003 -0.23 + 0.43 0.91 170.3 18
Number of canopy fronds Biomass (kg) 0.56 + 0.16 -1.07 + 1.66 0.45 12.93 18
Density transect NDREB values 41.28 + 14.96 21.886 + 6.26 0.18 7.61 8

reductions. Seasonal variability was well represented in our field obser-
vations in Punta de Parra; summer surveys revealed thick, multilayered
fronds that hindered diving, while winter surveys show a noticeably
sparser surface presence. While previous studies may have underes-
timated these dynamics due to the limited temporal resolution of
field observations (Schiel and Foster, 2015), our use of high-frequency
satellite imagery offers a more comprehensive perspective, highlighting
the critical role of remote sensing in capturing the dynamic nature of
kelp forests.

The Punta de Parra population, situated near the coast, may ex-
perience various factors that could potentially influence its satellite
visualization, such as sand from the beach, rocky substrate, or wave
activity (Bell et al., 2020). Therefore, we opted for the finest spatial
resolution of S2 images, along with a dynamic threshold and the
NDREB index. A reduced effect of turbidity was noted when employing
the dynamic threshold developed by Cavanaugh et al. (2021b). The
creation of a unique threshold for each scene enables the classification
of kelp pixels according to changing conditions throughout the year,
rendering it suitable for generating a seasonal time series. Additionally,
the utilization of the NDREB index facilitated enhanced visualization of
the kelp, attributed to its incorporation of the Red-edge band (see 4),
which has demonstrated superior effectiveness in detecting submerged
kelp (Timmer, 2022; Timmer et al., 2024). This index is useful for
coastal regions, where waves and tides often make it challenging to
observe the canopy.

Colored dissolved organic matter (CDOM), suspended solids (SS),
turbidity, and other compounds such as silica, phosphate, nitrite, or
nitrate are common in aquatic environments (Paudel et al., 2016;
Curra-Sanchez et al., 2022, 2024; Garcia-Tufion et al., 2024). Among
these, turbidity is a critical indicator for assessing aquatic ecosystem
health. Remote sensing offers a robust tool for long-term turbidity
monitoring, utilizing diverse algorithms, indices, and band ratios (Elhag
et al., 2019; Lizcano-Sandoval et al., 2022; Garcia-Tufion et al., 2024;
Jiang et al., 2024; Zhang et al.,, 2024). For instance, Garcia-Tufion
et al. (2024) applied S2 imagery to generate a turbidity time series in
northern Chilean Patagonia, highlighting influences from precipitation,
river discharge, and wind. Similarly, Elhag et al. (2019) and Zhang
et al. (2024) used the Normalized Difference Turbidity Index (NDTI)
with S2 imagery to achieve reliable turbidity estimates in a dam and
a lake, respectively. Lizcano-Sandoval et al. (2022) employed NDTI to
map temporal changes in submerged seagrass in west-central Florida.
However, this study represents the first application of NDTI to monitor
kelp forests, highlighting its potential for macroalgal ecosystems. Our
findings reveal that NDTI’s performance in our study area was highly
sensitive to seasonal fluctuations (see Fig. 4), likely driven by coastal
biophysical variability, including wind-driven upwelling, runoff and
frequent algal blooms (Mahmoud et al., 2023).

Temperature plays a crucial role on M. pyrifera life cycle at the
local scale (Schiel and Foster, 2015; Hollarsmith et al., 2020). The
impact of temperature on giant kelp forests has been thoroughly in-
vestigated, particularly in recent studies focusing on its relationship
with heatwaves (Cavanaugh et al., 2019; Tait et al., 2021). In contrast
to other regions worldwide, central Chile has been experiencing a
trend of decreasing coastal temperatures in recent decades (Marin
et al., 2021). On the other hand, no demonstrable effect on Macrocystis
populations in Patagonia has been observed from marine heatwave
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or marine cold-spells highlighting this region as a possible climatic
refugium (Mora-Soto et al.,, 2022). Impacts can vary by region, as
local adaptations of populations to different temperatures have been
demonstrated (Hollarsmith et al., 2020). Specifically in central Chile,
models predicting an increase in the intensity of summer upwelling,
coupled with observations of more frequent upwelling-favorable wind
pulses during winter, could mitigate the impact of high temperatures
on populations in this region (Echevin et al., 2012; Bustos-Espinoza
et al., 2024). A recent observation indicated a favorable performance
of M. pyrifera juvenile sporophytes from central Chile across different
temperatures, albeit with the potential risk of reduction at 16 °C (Solas
et al., 2024). In our study in central Chile, we did not observe in
situ temperature values beyond the recognized range for Macrocystis
between 4 and 20 °C (Schiel and Foster, 2015). Therefore, we found no
evidence of thermal stress at the population of Punta de Parra. Although
the time series for in situ temperature was much shorter compared to
the satellite SST (1 year vs. 4 years), it yielded better results in the
statistical analysis underscoring the importance of in situ variables in
kelp forests. The overestimation of satellite SST values compared to in
situ temperature values is expected because the latter are continuous
and include nighttime measurements. This, combined with the low
resolution of the satellite data and effects of the coastal systems like
tidal mixing, may be contributing to the low correlation between the
two temperature series.

A strong inverse correlation between temperature and nitrate con-
centration in the water column, particularly in upwelling ecosystems,
is well-documented (Nielsen and Navarrete, 2004; Palacios et al., 2013;
Farias et al., 2021). In our study area, the Bay of Concepcién, upwelling
shows a seasonal component with a predominance in spring and sum-
mer, and an intensification of upwelling has been reported over the
past few decades (Sobarzo et al., 2007; Schneider et al., 2017; Farias
et al., 2021). Nutrients in CB have been observed to follow the same
seasonal pattern, with high values in spring and summer, leading to
increased productivity as measured by chlorophyll-a, which also peaks
in summer (Farias et al., 1996; Morales et al., 2007; Bustos-Espinoza
et al., 2024). In contrast, measurements taken within the kelp popu-
lation of Punta de Parra revealed a different pattern, with maximum
values occurring during autumn-winter season (Fig. 5). Supporting this,
we also found no correlation between the in situ nutrients and the
offshore nutrients. This disparity suggest that the metabolic activity of
the kelp plays a more significant role in influencing local seawater dy-
namics compared to temperature/nutrients changes driven by seasonal
upwelling (Murie and Bourdeau, 2020). It can be concluded that the
low nitrate levels during spring and summer at Punta de Parra are a
result of nutrient uptake by the Macrocystis population, when the kelp
canopy area is at its peak. The high nitrate and silicate values observed
during winter coincide with the period when the smallest satellite-
detected kelp area is recorded. Due to a hibernation-like period where
nutrient utilization decreases, coupled with and increase in upwelling
pulses during the winter season, we hypothesize that these factors lead
to higher nutrient concentrations in the water column during this time
within the M. pyrifera forest (Bustos-Espinoza et al., 2024).

Among nutrients, nitrate has received increased attention in ex-
plaining the dynamics of Macrocystis forests (Zimmerman and Kremer,
1986; Rodriguez et al., 2016). Giant kelp growth becomes nutrient-
limited below approximately 1 pM nitrate (Graham et al., 2007). In this
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regard, our study reveals that we did not encounter any nitrate values
below this threshold (Fig. 5), indicating no evidence that this could
limit the forest growth. It has been observed that Macrocystis forests
utilize less than 5% of the nitrate that reaches them, with the remainder
obtained from other sources, such as ammonium from epibionts (Fram
et al., 2008). This emphasizes the importance of collecting nutrient
data within the forest itself, as in the present study. In forests of the
nearby Falkland-Malvinas region, nitrate content — estimated from
temperature-nitrate relationships — was a primary driver of canopy
area observed using Landsat imagery (Houskeeper et al., 2022), but in
situ sampling to confirm the efficacy of the nitrogen estimations was
unavailable.

Wave disturbance is one of the most important variable in kelp
forest dynamics (Graham et al., 2007; Elsmore et al., 2024). Concepcion
Bay is exposed to the ocean from the north, where prevailing winds
from May to July intensify wave action (Sobarzo et al., 1997; Mufioz
et al., 2023). This period coincides with the lowest observed kelp area
in the population and high wave heights. Given the statistical signifi-
cance, we conclude that wave action partly explains the seasonality of
the population.

Among the other environmental variables examined, only solar
radiation was significantly associated to kelp forest dynamics. Radi-
ation is recognized as a growth-limiting factor for M. pyrifera, with
high radiance in shallow waters (Graham, 1996), and low radiance
particularly in high latitudes (Palacios et al., 2021). In Punta de Parra,
the highest summer solar radiance coincided with the greatest satellite
coverage of the forest. Higher productivity in Macrocystis has been
linked to increased irradiance, which also boosts its photoprotection
and antioxidant capacity (Celis-Pla et al.,, 2021). Another factor to
consider is that the highest turbidity was also observed in summer,
making it difficult for light to penetrate the water column. Poor water
clarity is synergistic with other stressors, such as temperature, causing
a greater loss of area in Macrocystis forests (Tait et al., 2021). While
precipitation was not significantly associated to kelp forest dynamics,
changes in salinity have been identified as a modulating factor for
spore release (Buschmann et al., 2004). In other populations, spore
release predominantly occurred during winter months when salin-
ity decreased due to precipitation input, both directly and through
river channels (Buschmann et al.,, 2004). Given the changing pre-
cipitation regime over recent decades, alterations in oceanographic
dynamics within the BC are becoming apparent (Bustos-Espinoza et al.,
2024). For future studies, may investigate temporal changes in spore
abundance and examine its relation with satellite-based phenological
data.

While our study provides valuable insights into the seasonal and in-
terannual dynamics of M. pyrifera in Punta de Parra, several limitations
warrant consideration. The relatively short duration of in situ envi-
ronmental measurements, particularly for temperature and nutrient
data, limited our ability to capture long-term trends and their potential
impacts on kelp forest dynamics. Additionally, discrepancies between
in situ measurements and satellite-derived data, such as temperature,
highlight the challenges of accurately characterizing coastal systems
influenced by complex processes like tidal mixing and nocturnal cool-
ing (Susanto et al., 2018; Kachelein et al., 2024). Our study focused
on a single population, which limits the generalization of our find-
ings to regions with differing environmental and ecological conditions.
Furthermore, while satellite-based indices have proven invaluable for
monitoring kelp forests, they are vulnerable to interference from factors
such as turbidity, sand, and other factors can result in over- or underes-
timations of kelp canopy area (Cavanaugh et al., 2021a). For example,
tidal fluctuations can significantly affect the detection of kelp canopies
by altering water levels and the visibility of the canopy at the surface,
thereby introducing potential inaccuracies in area estimation (Timmer
et al., 2024). Although we identified significant correlations between
kelp cover and environmental variables, establishing causality remains
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challenging due to the observational nature of the study. Future re-
search should focus on integrating longer in situ time series, increasing
spatial replication across multiple populations, and employing experi-
mental approaches to better understand the physiological responses of
M. pyrifera to changing environmental conditions. Such efforts would
provide deeper insights into the complex interactions driving kelp
forest dynamics and enhance the robustness of predictions for their
future trajectories under climate change. Recognizing these limitations
is essential for interpreting our findings and highlights the need for con-
tinued research that combines remote sensing and in situ methodologies
to achieve a more holistic understanding of kelp forest ecosystems.
The observation of seasonal patterns holds promise for furnishing
critical insights into the prudent management and sustainable exploita-
tion of these kelp forests in Chile (Carranza et al., 2024). Continuous
monitoring of giant kelp populations is crucial for identifying signifi-
cant changes, including those driven by contemporary climate change,
essential for developing effective conservation strategies (Beas-Luna
et al., 2020). In this regard, Chile, Peru, and Argentina lags signifi-
cantly behind in collecting information on kelp forests. However, recent
improvements in the automation of kelp classification for Landsat
observations (Finger et al., 2021; Houskeeper et al., 2022) has resulted
in the recent addition of multi-decadal time series for forests of the
Falkland-Malvinas islands, Peru, and Argentina regions to the open-
access Kelpwatch repository (Bell et al., 2023). With the additional
pressure of intense extraction in Chile and Peru due to high demand
from China, the stage is set for overexploitation and the potential disap-
pearance of kelp forests in the Southeast Pacific (Kang et al., 2023). In
the future, expanding the generation of seasonal time series for several
populations of M. pyrifera across Chile will yield valuable insights, not
only regarding stressors but also for implementing harvesting closures.

4.3. Biomass estimation

The limited dataset obtained in the field may not suffice to establish
a meaningful correlation between the observed biomass and the satel-
lite data. Nonetheless, the in situ is crucial for guiding future research
initiatives (McPherson and Kudela, 2022). The in situ relationship be-
tween biomass and frond/stipe counts holds significant value for future
surveys and provides a reference point for the seasonal populations
of central Chile. Our results align with allometric data from other
populations. The strongest relationship for estimating biomass was with
the number of blades (R2 = 0.91, slope = 0.04), similar to those found
in California by McPherson and Kudela (2022) (R?> = 0.81, slope =
0.03). Based on these results, and considering that blades contribute
the most to sporophyte weight, we suggest using the number of blades
as the primary metric for estimating M. pyrifera biomass (Reed et al.,
2015a). In terms of the frond count for biomass estimation, the RZ value
was lower, mirroring results found in northern, central, and southern
California (Rassweiler et al., 2018; Santa Barbara Coastal et al., 2021;
McPherson and Kudela, 2022). Another recent study conducted in
Chilean Patagonia reported frond counts and wet biomass in M. pyrifera
the coefficient of determination values for frond number were higher
than in our study, and even higher when compared to California (Santa
Barbara Coastal et al., 2021; McPherson and Kudela, 2022; Palacios
et al., 2024). Although counting blades can provide better results, it is
more labor-intensive and time-consuming compared to counting fronds,
making it potentially less practical in remote locations.

Given the weak relationship between kelp density and NDREB
values (R>= 0.18), we did not attempt to reconstruct a biomass time
series using this index. Instead, we focused on kelp forest area as a more
reliable proxy for canopy dynamics. This decision was based on the
limited number of transects available and the relatively high variability
observed in the regression analysis, which suggested that NDREB alone
may not be a strong predictor of biomass at the scale of our study. In
the future, there is a need to augment and sustain monitoring efforts
to facilitate the creation of biomass estimates. However, replicating
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monitoring programs like the one undertaken in California with the
Santa Barbara Coastal Long Term Ecological Research project may not
always be viable for other countries. In the case of Chile, with its vast
coastline and challenging accessibility, implementing a similar program
would pose considerable challenges.

5. Conclusion

The kelp Macrocystis pyrifera play a crucial role as habitat-forming
species worldwide. In Chile is key component of coastal socio-ecological
systems and remote sensing can provide substantial help for kelp
monitoring along its extensive and rugged coastal terrain. By integrat-
ing satellite observations spanning decades and seasons with limited
but intensive field data, we have advanced the understanding of the
dynamics of a central Chilean M. pyrifera population. The pronounced
seasonality, with peak coverage in summer and minimal in winter,
aligned closely with variations in temperature, wave height and solar
radiation. Notably, we found no in situ evidence of temperature or
nutrient stress limiting M. pyrifera growth. It can be concluded that
the primary factors driving the seasonality in our study site were solar
radiation and wave action.

Further field data collection is essential to establish robust cor-
respondence between in situ observations and satellite-derived data,
particularly for accurate biomass estimation. Our findings underscore
the importance of understanding the seasonal dynamics and the en-
vironmental drivers influencing different underwater forests. Moving
forward, efforts to integrate and validate remote sensing data with
on-the-ground observations will be critical to enhance our ability to
monitor, manage and conserve kelp ecosystems.
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