
1.  Introduction
Traditional methods for directly evaluating fisheries have included bottom trawl surveys (Link et al., 2002), 
genetic studies (Carvalho & Hauser,  1995), acoustic surveys (Bailey et  al.,  1998), and airborne surveys 
(Churnside et al., 2017), with the latter being the primary non-shipboard remote sensing means to directly 
assess populations of fish and other animals (e.g., herring schools around the Georges Bank in the North 
Atlantic, Borstad et al., 1992). In contrast, satellite remote sensing has been used to collect environmental 
data (e.g., sea surface temperature, chlorophyll-a concentration) to give a holistic view of the environment 
(Chassot et al., 2011; Klemas, 2013; McCarthy et al., 2017; Santos, 2000; Stuart et al., 2011), as direct obser-
vations of fish populations is difficult due to the small size and ephemeral nature of fish schools relative to 
the spatial resolution and temporal coverage of available satellite imagery.

However, a specific question is whether it is possible to detect fish spawning events, as aggregation of fish 
milt or eggs in surface waters may result in a signal large enough and long enough (e.g., hours to days) 
that can be captured by satellite imagery. Recent advances in satellite remote sensing of spawning by some 
salt-water animals suggest that this question is worth exploring. For example, a coral spawning event near 

Abstract  In this proof-of-concept study, we show how satellite remote sensing can be used to detect 
and monitor Pacific herring spawning events in the Strait of Georgia (SoG), British Columbia, Canada. 
Multi-sensor medium-resolution (∼300 m) and high-resolution (3–30 m) images reveal bright waters 
in the SoG due to high concentrations of herring milt from multiple spawning events. The milt-infused 
waters lead to enhanced reflectance with unique spectral characteristic that can be distinguished from 
other optically active constituents such as suspended sediments, coccolithophores, “whiting” particles, 
and shallow bottoms. While the medium-resolution images may be used to search for cloud-free and 
potential spawning sites, high-resolution images show more details in milt distributions. Given the 
increased availability of high-resolution satellite imagery at the global scale, this demonstration may 
promote more applications of satellite remote sensing in fisheries and ocean ecology research.

Plain Language Summary  This proof-of-concept study demonstrates that certain fish 
spawning events can produce a bright enough signal in satellite images that may allow satellite-based 
observations to assist with some aspects of fisheries management. Specifically, herring spawning 
events in the Strait of Georgia (British Columbia, Canada, and the Gulf of Alaska) can be observed in 
images collected by various satellite sensors, and the spatial extent of some spawning events can also be 
characterized and quantified. This is because the reflectance shape of waters rich in herring milt is unique 
and allows herring spawn to be distinguished without ambiguity relative to other waters. The ability 
to detect these spawning events has major implications for satellite remote sensing, which can provide 
complementary information to data collected from expensive and weather-dependent in situ SCUBA and 
shipboard surveys. Further, satellite observations could be used to test the completeness and geographical 
precision and accuracy of other surveys, especially airborne surveys, for example through characterizing 
herring spawning events at synoptic scales.
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Japan has been captured by satellite imagery due to the distinguishable reflectance of the coral eggs (Yama-
no et al., 2020), and images slicks captured over the Great Salt Lake (USA) appear to be a result of surface 
aggregation of brine shrimp cysts (Qi et al., 2020). An online search of fish spawn resulted in digital photos 
of herring spawning events, where high concentrations of herring milt make the water appear brighter 
than the surrounding environment. Various studies and online documents have also reported the use of 
field crews, SCUBA divers, and airborne surveys to document herring spawn distributions, habitat size, and 
long-term changes (Hay & McCarter, 2015; Hay et al., 2009; Hebert, 2020; Hulson et al., 2008). Yet the same 
literature search showed no study on satellite remote sensing of herring spawn, possibly due to the ephem-
eral nature of herring spawning events and coarse resolution of most satellite images. On the other hand, 
once proven effective, satellite remote sensing may provide complementary information on these spawning 
events, which can be useful for fisheries models to describe the recruitment and abundance of juvenile and 
adult members of the population and the influence they may have on other species (Boldt et al., 2019; Fox 
et al., 2018).

The increased availability of multi-sensor and multi-resolution satellite imagery raises the following ques-
tion: to what extent can ephemeral and small-scale events, such as herring spawning, be captured by the 
various satellite sensors? The objective of this study is to develop and demonstrate a practical approach to 
search, detect, and quantify herring spawning events through the use of various publicly available optical 
sensor data.

2.  Data and Methods
2.1.  Study Region

The study selected the Strait of Georgia (SoG, Figure 1a) in British Columbia, Canada, because: (1) herring 
spawning events have been reported here (Haegele & Schweigert, 1985; Hay & McCarter, 2015) and (2) 
the region is important both ecologically and economically (Haegele & Schweigert, 1985; Hay et al., 2001; 
Trochta et al., 2020). As planktivores, herring provide a direct link between primary producers and animals 
of higher trophic levels including Chinook salmon (Boldt et al., 2019; Fox et al., 2018; Varpe et al., 2005). 
During the spawning season, adult herring migrate from deeper oceanic waters to shallow, intertidal and 
subtidal zones to release their milt in the water and deposit their eggs on macrophyte substrates such as 
seagrass and seaweeds (Haegele et al., 1982).
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Figure 1.  (a) Ocean and Land Colour Instrument (OLCI) image on March 9, 2020 showing several herring spawning areas (yellow polygons, with red 
ellipses indicating the locations) in the Strait of Georgia (SoG) near Vancouver Island. The red triangle shows the location of buoy #46131. (b) Multi Spectral 
Instrument (MSI) image on the same day. The red boxes highlight two herring spawning sites, with more details shown in (c) and (d), respectively. The solid red 
ellipse lines in (a) and (b) show two herring spawning sites not captured in satellite images before 2020.
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2.2.  Data Sources

Two online tools were used to complement each other in their spatial and temporal coverage/resolutions. 
The first is the OCView tool, developed by the NOAA STAR Ocean Color Research Team (Mikelsons & 
Wang, 2018), which was utilized to browse the Visible Infrared Imaging Radiometer Suite (VIIRS) images 
and Sentinel-3 Ocean and Land Colour Instrument (OLCI) images at ∼300 m resolution for cloud free con-
ditions and for possible spawning events. The second tool is the Sentinel Hub EO Browser, which allows a 
user to browse quick-look images in more details using the Sentinel-2 Multi Spectral Instrument (MSI) data 
(10–20 m spatial resolution).

For more in-depth analysis, MSI and OLCI data were downloaded from the European Space Agency's Sen-
tinel open access hub (https://scihub.copernicus.eu/dhus/#/home), and then processed using the Acolite 
and SeaDAS software (version 7.5) to generate spectral Rayleigh corrected reflectance (Rrc, dimensionless) 
and remote sensing reflectance (Rrs, sr−1), respectively.

Planet Scope/DOVE 3-m resolution data were downloaded from the Planet Lab, Inc. (http://www.planet.
com). These high-resolution data in four spectral bands were collected by optical sensors from a constella-
tion of hundreds of miniature satellites (CubeSats). They were used to estimate cloud-free data availability 
and to characterize the observed herring spawning features. The Moderate Resolution Imaging Spectro-
radiometer (MODIS) data (2000–2020) were downloaded from the NASA GSFC (https://oceancolor.gsfc.
nasa.gov), and then processed using SeaDAS to generate spectral Rrc data at 250-m resolution, from which 
true-color images were generated and inspected. Likewise, Landsat data were downloaded from the Google 
Earth Engine, and processed and inspected in a similar fashion.

Wind and sea surface temperature (SST) data were obtained from the Environment and Climate Change 
Canada Sentry Shoal buoy (# 46131, red triangle in Figure 1a) accessed via the NOAA National Data Buoy 
Center (NDBC, https://www.ndbc.noaa.gov/).

2.3.  Methods

The OCView and EO Browser tools were used to first determine the approximate locations and timings of 
conspicuously bright features as possible herring spawning events within the SoG around the peak spawn-
ing season. The corresponding high-resolution MSI and DOVE data were inspected to obtain more details, 
and the corresponding OLCI and MSI data were processed to perform the spectral analysis. Rrs spectra 
(412–709 nm) of the spawning waters in the SoG were compared with those from another spawning event 
near Kayak Island (off the coast of southern Alaska in the Gulf of Alaska [GoA]), and compared with those 
extracted from other bright targets in the SoG and in other coastal waters. The similarity between two spec-
tra was estimated through a spectral angle measure (SAM), calculated using Equation 1 (Kruse et al., 1993).
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where x is a vector of the reference (herring spawn in the SoG) spectra and y is a vector of the target spectra 
to be evaluated. An angle of 0° indicates two identical spectra shapes. By definition, SAM only measures the 
spectral shape as opposed to magnitude. In this regard, if plotted in logarithmic scale, SAM = 0° indicates 
two spectra parallel to each other even if their magnitudes can differ by 10 times. For this reason, it is pos-
sible that when only several bands become near-parallel, these bands may be selected to calculate the SAM 
in order to distinguish the various types of bright targets.

3.  Results
3.1.  Image Inspection

The use of the OCView and EO Browser online tools allowed for a quick inspection of VIIRS, OLCI, and 
MSI images, which often showed bright patches along the coasts of Vancouver Island and other smaller 
islands. Figure 1a shows an OLCI example on March 9, 2020, while the entire image archive showed similar 
events in 2020 and other years, all in March (see Figure S1). The corresponding MSI images show similar 
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bright patches but in greater detail at 10-m resolution (Figures 1b–1d), where more high-resolution images 
can be found in Figure S2. These bright, turquoise-colored waters are clearly distinct from the surrounding 
environment (Figures 1b–1d and 2, Figure S3). They also agree with the documented herring spawning 
records both in time and location (https://maps.sogdatacentre.ca/app/dashboard-map-of-herring-spawn-
in-the-strait-of-georgia-1951-to-2019), and therefore can be confirmed as herring spawning events.

3.2.  Spectral Characterization

The bright water patches are apparently due to enhanced reflectance of high concentration of fish milt, as 
images collected in February or late March did not show similar bright patches even under strong winds 
(>8 m s−1). The pixels in the bright patches all show elevated reflectance in all wavelengths as compared 
with nearby waters, further confirming that the enhanced reflectance is caused by highly scattering parti-
cles rather than by phytoplankton or colored dissolved organic matter because they both strongly absorb 
light in the blue wavelengths. The question of interest is whether such enhanced reflectance can be dis-
tinguished from other bright targets caused by either high concentrations of non-milt particles or shallow 
bottom features in the SoG and also in other coastal waters. Such knowledge may help identify milt-rich 
waters when searching for potential spawning spots in the SoG and elsewhere. Figure 2 shows the rep-
resentative images of these bright targets together with their Rrs spectra. Visually, all these bright targets 
appear similar, and they all show higher reflectance between 443 and 560 nm than in other wavelengths. 
Indeed, when all wavelengths are used in calculating the SAM (Equation 1) between these targets and SoG 
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Figure 2.  Ocean and Land Colour Instrument (OLCI) true-color RGB images of various bright targets and their associated spectra (open circles). First 
and second rows left to right: herring spawn from the Strait of Georgia (SoG) (3 panels), herring spawn near Kayak island of the Gulf of Alaska (GoA), 
and terrigenous sediment plume (Fraser River near Vancouver, British Columbia, Canada); Third and fourth rows left to right: post-hurricane sediment 
resuspension on the west Florida shelf (WFS), sediment resuspension in the GoA, CaCO3 whiting event in Bahamas Bank (Lloyd, 2012), optically shallow water 
in the Florida Keys (USA) (Barnes et al., 2018), and coccolithophore bloom in the North Atlantic Ocean (Moore et al., 2012). The filled circles in the second row 
represent the Rrs spectra of waters adjacent to the herring spawning waters. The three bands that are used to differentiate spawning waters from other bright 
targets are circled in blue.

https://maps.sogdatacentre.ca/app/dashboard-map-of-herring-spawn-in-the-strait-of-georgia-1951-to-2019
https://maps.sogdatacentre.ca/app/dashboard-map-of-herring-spawn-in-the-strait-of-georgia-1951-to-2019
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herring spawn bright pixels, it is not always possible to differentiate them as their SAM values are similar 
(i.e., <10°, sometimes approaching 5°). However, when only three wavelengths are used (490, 510, 560 nm, 
blue circles in Figure 2), the SAM values from herring spawn bright pixels are statistically different from all 
other bright targets (Figure 3a), suggesting that these unique spectral shapes between 490 and 560 nm can 
be used to identify herring spawning events, at least for this study region. Tests over the same types of bright 
targets from other images showed the same results. Furthermore, when testing over a compiled Rrs data set 
for global waters (Casey et al., 2020) and for inland waters (Sun et al., 2015), there is nearly no exception that 
all these waters have their SAM values >5° if referenced against the herring spawn Rrs spectra (Figures 3b 
and 3c), further proving the unique spectral shape between 490 and 560 nm from herring spawning waters. 
The same test using MSI bands of 490  and 560 nm also confirmed this observation (Figure S3), as non-
spawn bright pixels from shallow waters, inter-tidal zone, and suspended sediments in the SoG all showed 
different spectral shapes (relatively large SAM values) from herring spawn pixels.

It is interesting to see that while not all these bright targets (including herring spawn) are statistically dif-
ferent when Rrs at all spectral bands are used to calculate the SAM, the use of just Rrs at three bands leads to 
different results. A close inspection of all Rrs spectra in Figure 2 suggests that this does make sense. Between 
the two spawning events in the SoG and near Kayak Island, their reflectance are rather flat and nearly hori-
zontal between 490 and 560 nm (blue circles in Figure 2). This characteristic appears unique, as all other 
bright targets show apparent reflectance peak at either 490, 510, or 560 nm. The SAM is therefore a reliable 
measure of such characteristics using Rrs at the three bands. In contrast, if Rrs at all spectral bands are used 
to calculate the SAM, because all bright targets show the same spectral shapes of low-high-low at the blue-
green-red bands, their SAM values are not always different statistically. In other words, adding Rrs at more 
blue or red bands will “smear” the spectral contrast between herring spawn waters and other bright targets.
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Figure 3.  (a) The spectral angle measure (SAM, degrees) between the herring spawn spectra from the SoG on March 
9, 2020 and other herring spawn spectra from the Strait of Georgia (SoG) and Kayak Island as well as from other bright 
targets (Figure 2). SAM was calculated using Equation 1 and three OLCI bands (490, 510, 560 nm). The dashed line 
marks 5°. Vertical bars indicate two standard deviations (STDs). (b) and (c): SAM between Rrs(490–560 nm) from SoG 
herring spawning waters and from global waters (b) and inland waters (c), respectively. In (b), the original data set 
of 949 Rrs spectra was screened to exclude dark waters (Rrs(490–560) <0.005 sr−1) as these waters cannot be herring 
spawning waters. The only two cases with SAM <5° (red ellipse in (b)) occurred in nearshore waters around Shell 
Island, NE Gulf of Mexico (30.118 N & 85.734 W, 30.113 N & 85.736 W) that cannot be herring spawning waters. 
Similar results from MSI data are shown in Figure S3.
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3.3.  Spatial Characterization

Because the synoptic measurements of the study region occur within seconds, satellite images can reveal 
spatial characteristics of herring spawn waters in different sites almost simultaneously, making it possible to 
characterize each spawning site at the same time. Corresponding to the MSI image in Figure 1b, the precise 
coastal locations of milt-rich discolored waters correspond to locations of the documented records where 
herring eggs occur and are shown as multiple one-km coastal segments estimated from annual SCUBA 
diver surveys (Hay & McCarter, 2015) (https://www.pac.dfo-mpo.gc.ca/science/species-especes/pelagic-pe-
lagique/herring-hareng/herspawn/142fig-eng.html). Herring eggs are adhesive and are deposited mainly 
in the inter-tidal and shallow sub-tidal areas (usually less than 20 m depth) (Haegele et al., 1982). SCUBA 
diver surveys examine egg distributions whereas satellite images reveal milt distributions, which are more 
ephemeral because milt may disperse rapidly depending on local tidal and weather activity. For instance, 
from satellite observations shown in Figure 1b, the total area of milt-rich water in the SoG locations was 
estimated to be ∼42 km2, with an average width of 860 ± 520 m. In contrast, the mean width of egg depo-
sitions is lower, and usually between 100 and 200 m. Therefore, depths of documented egg depositions and 
depths of water where milt discoloration occurs may not necessarily be identical.

The high-resolution images also allowed characterization of spawning waters in each site and how they 
changed over time. Figure 4 shows a sequence of cloud-free DOVE images (3-m resolution) over one spawn-
ing site in the SoG, where the area, length, and width of the milt-rich spawning waters are annotated in 
each image. More examples of DOVE are shown to illustrate the daily changes (Figure S4) and diel changes 
(Figure S5). It is clear that these high-resolution, repeated cloud-free images can be used to characterize 
herring spawning events rapidly and in a cost-effective way.

4.  Discussion
In the past several decades, a mix of diver surveys, airborne visual observations, digital photo, video, and 
photographic imaging have been used operationally for herring in British Columbia and Alaska and capelin 
in Newfoundland (Nakashima, 1992). Long-term maps of Spawn Habitat Index (SHI) for herring of the 
SoG have been generated through mainly diver surveys (Hay & McCarter, 2015; Hebert, 2020). Visual and 
photographic aerial surveys have also been used elsewhere for sardines, whales, sharks, rays, turtles, tuna, 
marine birds, and other marine mammals. However, remote sensing of either fish, fish milt, or fish eggs 
using satellites has not been possible due to the small size of fish schools (relative to the size of a satellite 
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Figure 4.  Cloud-free DOVE image sequence for one spawning site in the SoG during the spawning season of March 
1–15, 2020. The bright herring spawn waters are within the red ellipses. The whitish and dark blue-greenish colors in 
the images represent land surface, beaches, and shallow waters that are spectrally different from herring spawn waters 
(Figures 2 and 3). The milt-rich spawn waters are characterized by their area (A), length (L), and width (W).

https://www.pac.dfo-mpo.gc.ca/science/species-especes/pelagic-pelagique/herring-hareng/herspawn/142fig-eng.html
https://www.pac.dfo-mpo.gc.ca/science/species-especes/pelagic-pelagique/herring-hareng/herspawn/142fig-eng.html
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image pixel) and the ephemeral nature of fish aggregation or fish spawning. In this regard, the study here 
may represent a novel application of satellite remote sensing in fisheries studies.

There are probably no other phenomena that could be mistakenly confused with herring spawns captured 
by satellite imagery. Few, if any other fish or invertebrate species spawning inter-tidally or in shallow, 
sub-tidal locations could change water color in any way that might be mistaken for herring. Potential excep-
tions might include the spawning of oysters, or other bivalves, where the nearshore water clarity and color 
might be altered but such events usually are relatively small, less conspicuous and occur at different times 
of the year and in locations and habitats not normally used for herring spawning.

Given the past and ongoing operational effort to characterize herring spawning in the SoG and the GoA, 
the pertinent question is what additional value can satellite observations bring to the table. As shown in 
the examples above, one advantage is in their freely available data combined with their synoptic and fre-
quent coverage. This capability could be especially important as a potential tool to document spawning in 
remote or inaccessible locations where SCUBA and aerial surveys cannot occur. Also, as indicated by the 
results from the spectral analysis above, the ability to differentiate between herring milt deposition and 
other sources of water discoloration could have potential for addressing many instances of coastal manage-
ment as well as providing input to herring assessment and management. The herring spawning features 
captured in satellite imagery may thus provide complementary information to those available using other 
means, for example through estimating the length of the herring spawning waters in different locations of 
the SoG simultaneously. Once multiple images are available in the same spawning season, it may also be 
possible to evaluate the short-term changes of herring spawning (e.g., Figure 4). Such characteristics can be 
difficult to obtain through diver observations, in situ acoustic surveys, or airborne observations as they are 
time and resource intensive (Klemas, 2013; Santos, 2000). Finally, as satellite images are collected in a near 
real-time fashion with no a priori knowledge required to target an area, new “hotspots” of herring spawn 
may be captured.

The findings also have implications in a broader context than just the SoG. The spectral characteristics of 
herring spawn waters (Figures 2 and 3, Figure S3) make it possible to develop an approach to search for 
herring spawning sites in other regions (Haegele & Schweigert, 1985; Watters et al., 2004) before a targeted 
study may be initiated. Specifically, suspicious and ephemeral bright features may be recorded through 
image inspections using the OCView and the EO Browser tools. Spectral shapes from these features derived 
from OLCI and/or MSI, or historical reports of herring spawning, may confirm whether these suspicious 
features are due to herring spawning or other causes. Subsequent analysis of high-resolution satellite data 
can then be used to characterize the herring spawning events.

It appears that all optical sensors are capable of detecting herring spawning events in the SoG as long as 
their spatial resolutions are sufficient to capture these small-scale bright targets and satellite data are col-
lected under cloud-free conditions. One potential drawback is the scarce availability of high-resolution data, 
especially when cloud cover is considered. However, a combination of two MSI sensors on Sentinel-2A and 
Sentinel-2B, respectively, may revisit a site every 2–3 days. The DOVE constellation, on the other hand, may 
provide daily revisits during the spawning season even after discounting cloud cover (Figures S5 and S6), 
and the revisit frequency appears to increase continuously due to increased number of satellites (Figure S6). 
Future satellite missions may even make it possible to “stare” at a given site multiple times a day, for ex-
ample through geostationary satellite platforms. One may speculate that high winds may lead to sediment 
resuspension and/or high waves that make it difficult to observe herring spawning events. Yet statistics of 
winds indicate that this is not the case, as these events can be observed even under strong winds of 13 m s−1 
(Figure S7). Therefore, given the availability of satellite data to all researchers global wide, the demonstra-
tion here may promote future satellite applications in fisheries studies.

Despite the advantage shown here in satellite remote sensing of herring spawning events, this study is still 
preliminary. For example, although each detected spawning site can be characterized for its area, length, 
and width of the milt-rich waters, it is unclear whether concentrations of herring milt can be quantified. 
This challenge may be addressed in the future through targeted and coordinated field surveys to quantify 
the relationships between milt concentration and reflectance, from which an optical model may be devel-
oped and applied to satellite remote sensing. In this way, not only can the size of the detected spawning site 
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be quantified, but the spawning strength of each site may also be estimated, thus providing complementary 
information to the existing SHI calculated using surface and diver survey data.

5.  Conclusions
This proof-of-concept study represents the first attempt to use publicly available satellite remote sensing 
data to characterize fish spawning events, specifically herring spawning in the SoG, British Columbia, Can-
ada. The combined use of the NOAA OCView and the EO Browser online tools as well as multi-sensor data 
from OLCI, MSI, and DOVE suggest that, under cloud-free conditions, herring spawning can be detected 
and differentiated from other events. Further imagery of herring spawning in each detected site may pro-
vide some approximate estimation of the magnitude of spawning, especially through the estimation of the 
cumulative linear distance of coastline where milt occurs. While preliminary in nature, the study is expect-
ed to stimulate more satellite remote sensing applications in fisheries studies.

Data Availability Statement
Most satellite data used in this study are public domain, available from NASA (MODIS, https://oceancolor.
gsfc.nasa.gov), NOAA VIIRS, https://www.star.nesdis.noaa.gov/socd/mecb/color/ocview/ocview.html), 
and ESA (OLCI and MSI, https://scihub.copernicus.eu/dhus/#/home). PlanetScope/DOVE were provided 
by Planet Lab, Inc. through the Commercial Archive Data for NASA investigators (cad4nasa.gsfc.nasa.gov) 
under the National Geospatial-Intelligence Agency's NextView license agreement.
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