


Identify and Size Kelp Outplants
The Scalable Aquaculture Monitoring System (SAMS) aims to develop
a system-level solution to continuously monitor all stages of kelp
biomass production using subsurface, aerial, and satellite imagery. A
commonality of all kelp aquaculture is the outplanting of near-
microscopic sporophytes on submerged structures. Frequent
monitoring of early outplant growth allows the farm manager to track
growth rate across the farm lines, identify pest outbreaks, and provide
actionable information on whether to reseed lines in response to early
crop failure.

We are developing technology to identify outplants and estimate
outplant length and area from underwater color imagery using deep
learning (convolutional neural networks). Imagery collected from a
remotely operated vehicle (ROV) can be quickly classified into three
classes (outplant, line, seawater) under a variety of seawater
conditions. We track the width of the farm line across the image and
use a linear regression approach to provide a standard for sizing
metrics. We are currently integrating this technology onto
autonomous underwater vehicles (AUVs) so that repeat
measurements can be acquired rapidly over large farm areas.

Underwater Color Image Deep Learning Classification

Ensure outplant was successful & reseed lines if necessary
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Acoustic Measurements of Subsurface Biomass
As the outplants grow into juvenile and subadult plants, their length
begins to exceed the area captured by the color cameras. Turbid
seawater conditions can also obscure color imagery leading to poor
classification accuracy. To achieve continuous monitoring of
subsurface kelp biomass across variable seawater conditions, we have
utilized sidescan sonar imagery.

Our focal species giant kelp (Macrocystis pyrifera) develops hundreds
of small gas bladders (pneumatocysts) along its fronds as it buoys its
biomass towards the surface to form a canopy. These bladders provide
ideal acoustic targets to visualize the plants and provide robust
biomass estimates through empirical length to weight relationships. In
the upper image, drift kelp from a nearby kelp forest became tangled
on a farm buoy and exemplifies how a subsurface plant would be
visualized using this technology. In the lower image, the juvenile kelp
outplants have developed pneumatocysts and bright acoustic returns
are visible on the farm lines, signaling this important transition to
rapid subsurface growth. In summer 2021, we will deploy side scan
sonar on AUVs to quantify subsurface biomass growth and production
on a kelp farm in the Santa Barbara Channel.
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Track growth of subsurface biomass & plan for canopy monitoring 
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Kelp Stress Index

Regional Environmental Dynamics & Indices
The extraordinary growth rates and biomass production of giant kelp
depends on the nutrient-rich seawater delivered to the farm by
upwelling and advection processes. For offshore kelp aquaculture to
succeed, farms must be sited in consistently nutrient-rich areas and
the surrounding environment should be continuously monitored to
maximize harvested yield and minimize losses.

As part of SAMS, we have developed regional temperature to nutrient
relationships and optimized the spatial and temporal monitoring scales
necessary to estimate seawater nitrate concentration over regional
scales from satellite sea surface temperature imagery. Additionally, we
have paired these estimates with physiological metrics of giant kelp to
develop the Kelp Stress Index (KSI). The physiological condition of
giant kelp responds quickly to changing nutrient and light conditions.
Periods of greater than three weeks of low nutrient conditions can
suspend growth and trigger biomass losses due to senescence
processes. Areas with high KSI indices provide the farm manager with
the actionable information that biomass losses are imminent, and
planning for harvest should commence.

Anticipate peak biomass & plan harvest timing over large regions
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Understanding Biomass Quality Dynamics
The seawater nutrient and light environment not only affects the
growth and production of kelp biomass but also its quality. Mannitol is
a transient sugar produced by the giant kelp canopy to fuel new frond
initiation and subsurface growth. Maximizing mannitol content in the
harvested kelp biomass is also critical for biofuel production.

To understand the natural dynamics of this important sugar, we
tracked mannitol content across several age classes of kelp fronds in
2019/2020, representing the average mannitol content across all
harvested biomass. Generally, mannitol content increased when
seawater nutrients were elevated during the winter months and
decreased during the spring, summer, and fall when light levels were
elevated and/or nutrient levels were low. However, there was a
prominent spike in mannitol content about six weeks after seawater
nutrient levels dropped in late spring (this pattern was also observed
at a different site in the summer of 2020). Using this knowledge
SAMS will be able to deliver estimates of kelp mannitol content with
the measurement of a few environmental variables and without
frequent field sampling and laboratory analysis.
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Maximize mannitol content of harvested biomass
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Canopy Biomass Quantity & Quality
The buoyant fronds of giant kelp form a dense surface canopy that is
amenable to optical remote sensing. Recent advances in the remote
estimation of kelp canopy biomass and physiological condition from
satellite and high-altitude aerial imagery, as well as the miniaturization
of sensors for unoccupied aerial vehicles (drones) are the foundation
of our aerial monitoring program.

The numerous spectral bands available on multispectral sensors can
be used to simultaneously map canopy biomass and condition at
centimeter scales, allowing the farm manager to track growth and
production as well as time harvest to maximize biomass and optimize
quality. The application of a full spectrum spectral unmixing method
delivers estimates of canopy biomass, while the utilization of a
spectral derivative method of pseudoabsorbance maps the spatial
patterns of chlorophyll concentration. Pairing chlorophyll
concentration with seawater nutrient and light data can inform the
farmer of tissue nitrogen content, canopy age, and risk of crop loss via
frond senescence. Sensors are calibrated before and after each flight
to deliver accurate reflectance measurements under most sky and
sunlight conditions. Additionally, SAMS can provide accurate maps of
canopy area using inexpensive color camera drone sensors.

Maximize quantity & quality of harvested biomass for various uses 
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SAMS Kelp Canopy Sensor System
We have recently developed the SAMS Kelp Canopy Sensor System
to offer kelp farm managers the ability to derive and map relevant
canopy biomass and condition data of their crops. We pair the
commercially available MicaSense Rededge MX Dual Multispectral
Imaging System with SAMS developed software to track canopy
biomass development and optimize harvest yield and quality. When
this system is flown on the new DJI Matrice 300, flight duration can
last more than 45 minutes and many 10’s of hectares can be imaged. A
novel glint masking procedure can be implemented to reduce spectral
noise across the image and the included downwelling irradiance sensor
can adjust for variable cloud cover.

The top figure shows kelp canopy reflectance spectra measured by the
10 spectral bands. The enlarged spectral area shown in the bottom
figure shows the differences in spectral slope between the orange and
red bands (dashed lines) for kelp canopy displaying different tissue
chlorophyll pigment concentrations. Higher chlorophyll concentrations
increase the width of the light absorption peak centered at 668 nm,
reducing the slope between the two reflectance measurements. This
spectral algorithm has been developed and validated using hundreds
of measurements of kelp canopy blades across eight years of sampling.
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Enterprise solution for efficient canopy monitoring and analysis
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