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Abstract

Reduced light is one of the primary threats to seagrass meadows in the coming decades, with reduced light
reaching the benthos due to eutrophication. We assessed a multispectral photography technique using near-
infrared photography to estimate chlorophyll content in the seagrass Zostera marina. Using near-infrared and
red wavelength cameras in the lab environment, we measured normalized difference vegetation index (NDVI)
in photographs of sampled seagrass leaves. In samples taken from three different environments, we found a pos-
itive correlation between lab-based NDVI and chlorophyll content, with variation attributable to leaf age. In
samples grown under different light conditions, we found high levels of NDVI associated with lower light possi-
bly due to seagrass photoacclimation. This method may be used in addition to existing seagrass monitoring
methods to collect data on seagrass photic status and estimate chlorophyll content, and detect possible light
limitation due to turbidity or high epibiota cover. The relatively low cost and time required for this method
may make it useful where researchers are already collecting and imaging seagrass as part of routine monitoring.

Leaf chlorophyll content is a metric commonly used in
seagrass monitoring and can provide information on possible
plant photoacclimation (Longstaff and Dennison 1999;
Fokeera-Wahedally and Bhikajee 2005), leaf senescence and
maturity (Lichtenthaler and Babani 2004), and broadly, plant
health (Biber et al. 2005; Rotini et al. 2013; Yang et al. 2018).
In the last century, seagrass meadows have experienced multi-
ple stressors, including eutrophication (Howarth et al. 2000;
Haviland et al. 2022), as well as disease, coastal engineering,
physical damage from boat propellers, and increased storm
severity as a result of global climate change (Orth et al. 2006).
Waycott et al. (2009) estimate that over 51,000 km? of
seagrass meadow area have been lost between 1879 and 2006.
In eutrophic conditions, seagrass must tolerate high levels of
light limitation resulting from increased turbidity and shading
by macroalgae and epibiota cover (Valiela et al. 1997).
Dennison and Alberte (1986) found that seagrass produce
greater leaf chlorophyll in response to decreased light.
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Many terrestrial researchers use airborne remote sensing tech-
niques to estimate leaf chlorophyll content through multispec-
tral and hyperspectral photography. Submerged subtidal
vegetation along turbid coastlines is difficult to assess in this way
at a fine scale (Wicaksono and Hafizt 2013). Major challenges to
traditional remote sensing techniques include interference by
suspended and benthic algae, presence of dead vegetation, tur-
bidity, and epibiota cover, and as a result require significant
ground-truthing to develop accurate estimates of seagrass pres-
ence (Hedley et al. 2016). Along eutrophic temperate coastlines
where turbidity is continuously high, remote sensing of seagrass
can be even more technologically challenging (Kim et al. 2015).
However, spectral reflectance can still be a useful metric of
seagrass health. The near-infrared (NIR) waveband, from 750 to
950 nm, has been successfully used to quantify seagrass tissue
composition (Bain et al. 2013), nutrient composition (Lawler
et al. 2006), aboveground biomass (Costa et al. 2021), and leaf
tissue photosynthetic properties (Durako 2007) in lab and field
environments. Like their terrestrial counterparts, seagrass exhibit
a characteristic red edge reflectance spectrum, with a marked
increase in reflectance at 750+ nm (Horler et al., 2007; Thorhaug
et al. 2007). Red light (600-700 nm) is highly absorbed by chlo-
rophyll a and b (Chl a and Chl b) for use in photosynthesis, cre-
ating a characteristic dip in reflectance of red light in healthy
vegetation (Huete 2004). This pattern of reflectance can be
exploited to calculate vegetation indices such as normalized
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difference vegetation index (NDVI). NDVI is a classic index con-
sisting of NIR reflectivity (750+ nm) normalized to red
waveband reflectivity (600-700 nm) developed by Tucker et al.
(1985). Increased chlorophyll content corresponds to reduced
reflectance of red light (Fyfe 2003) and a greater NDVI value.

In this paper, we assess the use of this spectral vegetation
index, NDVI, as an inexpensive, non-destructive estimate of
chlorophyll content on harvested Zostera marina, measured in
a controlled laboratory environment. We tested this method
on seagrass (Z. marina) harvested along a gradient of environ-
mental stressors, including epibiota cover and porewater sul-
fide levels, and a separate population of plants harvested from
one location and grown in a mesocosm environment under
varying light conditions.

Materials and procedures

Study site and sample harvest

West Falmouth Harbor (WFH) is a shallow (mean depth at
mean high tide of 1.9 m) lagoon adjoining Buzzards Bay in Fal-
mouth, MA, on Cape Cod (USA). For a detailed description of
WEFH, see Hayn et al. (2014), and Howarth et al. (2014). WFH
can be divided into sub-basins existing along a gradient of
nutrient enrichment, with the Middle Harbor basin being more
nitrogen-impacted than the seaward Outer Harbor basin. Both
the Middle Harbor and Outer Harbor basins contain dense, sub-
tidal, monospecific meadows of Zostera marina. However,
seagrass in the Middle Harbor basin face greater environmental
stressors than those in the Outer Harbor, notably high epibiota
biomass and porewater sulfide concentrations approaching
thresholds for seagrass toxicity (Haviland et al. 2022).

In July of 2018 and again in 2019, we harvested seagrass
from nine sites across the Middle and Outer Harbor basins of
WFH, five in the Middle Harbor region, and four in the Outer
Harbor region. SCUBA divers harvested 10 entire plants from
each long-term study site. At all sample sites, divers measured
seagrass density by counting the number of shoots in a quarter
m? quadrat three times. Additional seagrass shoots were col-
lected from less nutrient-impacted sites in Buzzards Bay just
outside West Falmouth Harbor (referred to as “external sites”).
In August 2018, to assess intra-site spatial heterogeneity and
the effect of small differences in depth on lab-based NDVI, we
collected seagrass from two locations within 5 m of each other,
the major difference being depth. To assess the sensitivity of
the measurement to small changes in depth within the bounds
of each site, we identified locations differing by a depth of 0.1-
0.25 m, and collected 10 plants each from the two depth clas-
ses. All plants were harvested and processed using identical
methods, described in “sample processing” below.

In June-August 2021, 4 groups of 32 seagrass each (total
n = 128) were harvested from the same location within WFH
and planted in flow-through seawater tanks. The tanks were
2.6m?(2.7m x 1.2m x 0.8 m, 1 x w x d), and received a con-
stant flow of unfiltered, low-nutrient seawater from Vineyard
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Sound. Shades were hung over each tank to achieve between
50% and 80% reduction in ambient light. Plants in the
highest light exposure received on average 244 ymol m 25!
photosynthetic photon flux density (PPFD) in integrated day-
light photosynthetically active radiation (PAR), while plants

in the two middle tanks received 178 and 189 ymol m 257},

and plants in the darkest tank received 137 umolm s .
Light conditions at the site from which seagrass were
harvested ranged from 300 to 500 ymol m~2s7! (del Barrio
et al. 2014). PAR was measured once weekly using a submers-
ible LICOR with a spherical sensor, measured underwater at
the canopy level, while light was also monitored continuously
using Onset HOBO Pendant loggers in each tank suspended at
the seagrass canopy level. All plants were collected after
8 weeks and processed using the methods described below on
the same day of collection, except for plants from the
137 umol m s~ ! group, which were removed from analysis
due to browning of leaf tips resulting from a delay between
sampling and imaging.

Sample processing

Seagrass samples with rhizomes intact were kept in bags of
site water on ice during travel to the Marine Biological Lab in
Woods Hole, MA (~ 13 km from sampling site), for imaging
and chlorophyll preprocessing. Within 24 h of sampling (most
within 6 h), all plants were processed and photographed using
a dark box and fitted camera rig, described below. Immediately
after imaging, plants were frozen at —80°C pending chloro-
phyll analysis; for all plants, less than 24 h passed between
sampling and freezing, and plants stayed in cold site water for
this entire period. Leaves from individual plants were assessed
according to leaf age (the youngest leaf is assigned leaf 1, sec-
ond youngest leaf 2, and so on). Seagrass were placed in dis-
tilled water, then carefully scraped to remove epibiota; we
placed epibiota in pre-weighed tins and moved them to a dry-
ing oven at 60°C for 3 d. We then placed seagrass leaves in
age-order on labeled transparency sheets, and patted leaves
dry to prevent pooling of water and glare on the image. The
transparency containing the seagrass was then moved into a
dark box (Fig. 1). The box was made of a metal frame and
white polystyrene sides and was 66 cm high by 20 in. wide by
28 cm long. At approximately 30 cm height, we suspended
light diffusion paper to ensure equal distribution of light
across the samples; an 8 cm diameter hole in the diffusion
paper ensured the camera could collect a clear image without
interference. The ceiling of the box contained two sets of NIR-
emitting LED lamp strips (emitting at 850 nm), and two sets
of red LED lamp strips (emitting at 660 nm). We then photo-
graphed seagrass within the box using a dual-camera set-up:
an Agrocam NDVI Pro NIR-G-B camera capturing ~ 750 nm
wavelength for NIR, and a GitUp Git 2 Pro action camera
equipped with an Agrocam RGB lens capturing ~ 650 nm red.
Images were captured successively by removing one camera,
and then adding the next, to the camera rig. At the beginning
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Fig. 1. A schematic representation of the light-box setup used to photo-
graph seagrass under standardized light conditions, created using Bio-
render. We used two NIR light strips, and two red wavelength LED strips
(all ~ 10 cm long each) fixed to the top of the box.
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and end of each day, we photographed a color-standardization
card to ensure image capture and lighting did not change
throughout the study.

Following imaging, we placed seagrass in foil packets and
froze them at —80°C pending chlorophyll content analysis.
Within a year (analysis was delayed on summer 2019 samples
due to the COVID-19 pandemic), seagrass were analyzed for
chlorophyll content using the method described by Dennison
(1990). Briefly, we soaked 5 cm? of seagrass leaf for 10 min in
3 mL 100% acetone, ground the samples in an ice bath in a
dark hood using a mortar and pestle, added 10 mL of 80% ace-
tone/20% nano-pure distilled water solution per cm? leaf area,
and then analyzed on a spectrophotometer at 663, 645, and
720 nm. Chl a and Chl b were estimated using the equations
developed by Amon (1949). In order to make the most appro-
priate comparisons of chlorophyll content and leaf-average
NDVI, we measured chlorophyll on several different locations
along the leaf for chlorophyll content (tip, top-middle, bottom-
middle, and base of the plant) on a subset of plants to deter-
mine which location along the leaf on which to focus analysis,
finding that on average, chlorophyll content was highest in the
middle segments of a leaf, lowest at the base, and close to the
leaf average at the tip. Because of this, we chose to use only
plant tips for the remaining chlorophyll analysis, and assessed
chlorophyll content on the top 5 cm? of all leaves.

Image analysis

We used the ArcGIS software suite to analyze our seagrass
images. We first standardized light levels from each day by
normalizing all pixel values to the color standardization card.
For additional accuracy, leaves may be laid directly on top of
reflectance cards, and light output may be standardized for
each image. Images from the two cameras were blended
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together using ArcGIS Pro’s Georeference tool, selecting eight
matching pixels along the edge and tip of blades throughout
both images. Once the images were aligned, they were com-
bined into a two-band raster, with the first layer containing
the NIR image, and the second layer containing the red image.
We detected and measured leaf area using unsupervised pixel
classification, followed by manual selection of leaf area, where
unsupervised classification failed. Supervised classification of
leaf area may be an option for future development of this
method. We then clipped images so only the pixels con-
taining seagrass area were within the image. We then created
an NDVI raster through the equation: (NIR;50— Redgso)/
(NIR7s0 + Redgso), and recorded, for each leaf on each plant,
an average pixel NDVI value, as well as a minimum and maxi-
mum pixel value, and a standard deviation for each leaf using
the ArcGIS Zonal Statistics tool. The full resulting dataset is
available in Supporting Information Table S1.

Notably, this method can be carried out in any image anal-
ysis software capable of raster analysis (ImageJ, QGIS, ENVI,
Adobe Photoshop, Domo, etc.), if the cost of an ArcGIS license
or software training presents a barrier.

Statistical analysis

We assessed the relationship between Chl a and Chl
b content and NDVI in a simple linear regression using
seagrass samples collected from West Falmouth Harbor and
sites just outside of West Falmouth Harbor in 2018 and 2019
after testing for model assumptions including normality and
heteroscedasticity. We randomly separated the dataset into
training and test data with a 70-30 split. We created and
tested the model using the olsir (Hebbali 2020) and caTools
(Tuszynski 2021) packages in the R computing environment,
using tidyverse techniques (Wickham et al. 2019). We assessed
NDVI under the various shade treatments in the mesocosm
experiment using Tukey’s multiple comparison of means test.

Assessment

NDVI and seagrass morphometry

Leaf average NDVI spanned ~ 0 to 4+0.20 in all plants sam-
pled, with an average of 0.10, while chlorophyll content
spanned 0.5-30 ug chlorophyll per cm? leaf area, and did not
significantly differ between 2018 and 2019.

Leaf average NDVI positively correlated with Chl a + Chl
b content as expected (p <0.001) (Fig. 2). The second- and
third-youngest leaves (leaves 2 and 3) regularly showed the
highest values for NDVI as well as chlorophyll content.
The relationship between NDVI and chlorophyll content
followed the equation:

Chl,.y =1.9493.5 (NDVI)

where Chl,,, refers to Chl a and Chl b content in ug chloro-
phyll per cm? seagrass leaf area (double-sided), and NDVI
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Fig. 2. Chlorophyll content and whole-plant average NDVI in seagrass harvested in July of 2018 and 2019 (p < 2.2 x 107 '6). Figure includes all seagrass
sampled from WFH and external sties. Gray shading represents the 95% confidence interval. NDVI was corrected in 2019 due to the NIR light-bulbs dim-
ming with age, quantified using image standardization cards. For full regression analysis information, see Supporting Information Fig. S1 and Table S1.

refers to plant average NDVI value. Single-sided leaf area may
also be used, resulting in a doubling of the intercept and
slope. The root mean squared error of the model is 4.13 ug per
cm? (Fig. 3). Model residuals were normally distributed and
are reported in Supporting Information Fig. S1. The model per-
formed best for estimating the chlorophyll content of leaf ages
2-5, and at estimating chlorophyll contents between 5 and
20 ug cm 2,

NDVI varied along the leaf surface, with peak values gener-
ally exhibited in the upper half of the seagrass leaf. Supporting
Information Fig. S2 represents an example output of variation
along the length of seagrass leaves and leaf ages, with highest
values seen in the middle-aged leaves (Fig. 4), near the tips of
the leaves. The pattern we see reflects typical variation found
on the surface of seagrass leaves: the base of the leaf represents
the youngest part of the leaf, where chloroplasts are still devel-
oping and the greatest self-shading occurs, and the leaf tip is
the oldest part of the leaf, often heavily colonized by epi-
phytes and the first to experience senescence and chlorophyll
degradation as the plant ages (Enriquez et al. 2002; Ralph
et al. 2005).
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As this method allows us to sample variation in light reflec-
tance along the entire leaf surface, we noted a pattern within
most plants where peak NDVI levels in the highest reflectance
leaves (leaves 2 and 3) were found toward the middle of the
leaf, generally 30-40% downwards from the tip of the leaf. In
older leaves (leaves 4 and 5), NDVI also followed this pattern,
but often had a second peak reflectance value closer to the leaf
tip. See the Supporting Information for an example of a char-
acteristic plant showing these patterns (Supporting Informa-
tion Fig. S2).

NDVI and light environment

In the mesocosm experiment, we found the highest levels
of NDVI in seagrass grown under low-light conditions,
possibly due to photoacclimation, where seagrass chlorophyll
content increases as solar irradiance decreases (Dennison and
Alberte 1982; Dennison and Alberte 1986; Abal et al. 1994;
Longstaff and Dennison 1999). Seagrass NDVI decreased
with light (Fig. 5, p = 0.0006), and was highest at the light
class receiving the least light, at 137 umolm s ' PPFD
over the daylight period. This number (which converts to
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Fig. 3. Chl a + Chl b content (ug cm 2 leaf area) predicted using NDVI method (y-axis) vs. actual Chl a + Chl b content (RMSE = 4.13, R> = 0.57)
on test data set. The black line represents the modeled relationship (Fig. 2), while the red line represents the line of perfect agreement (y = x).

~6.2 mol m~? d') approaches the threshold value for light
below which Collier et al. (2009) began to see declines in
seagrass cover. Epibiota biomass did not affect NDVI in any
light class (p > 0.1 for all).

Variation in water depth within a sampling site was not a
significant predictor of NDVI at any site (p > 0.1), possibly due
to the relatively small differences in depth within each site
not resulting in substantially different light intensities. Typical
attenuation coefficients at this site are 0.45 m~! (del Barrio
et al. 2014). Our differences in depth (0.1-0.25 m) thus corre-
spond to attenuation of ~ 17.6-44 ymol m 2 s~!. This may in
fact be negligible when compared to typical light levels in the
canopy (300-500 ygmol m~%s™1).

Discussion

Our method approximates seagrass chlorophyll content
in a way that once set up, takes less time than traditional
spectrophotometric methods, and does not consume the
sample, allowing other analyses such as isotopic or genetic
measurements to be carried out on the same seagrass leaves
for a more statistically robust sample. It can be carried out
quickly and inexpensively (<700 USD as of 2019) as an
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addition to ongoing seagrass monitoring operations, where
seagrass samples are already harvested for laboratory analy-
sis. Because of the low time commitment and cost associ-
ated with this method compared to traditional methods,
multispectral photography is a useful addition to the moni-
toring campaigns undertaken by scientists who are already
collecting and imaging seagrass for different metrics like
tracking wasting disease (Graham et al. 2021), grazing
(Kirsch et al. 2002), and leaf area (de los Santos et al. 2016).
As each pixel represents a leaf area region < 0.0001 cm?, this
method gives us a detailed understanding of chlorophyll
content along the entire blade. The addition of multispec-
tral information to regular monitoring tasks, and compari-
son of the results within a site, may help provide some
evidence of photoacclimation to low light, which can be an
early indicator of potential bed loss as a result of eutrophi-
cation (Biber et al. 2009). This method, when combined
with additional monitoring technique that assess photosyn-
thetic activity, can help coastal managers make informed
decision regarding operations that further reduce light pene-
tration such as shell fishing, dredging, and additional nutri-
ent pollution.
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Fig. 4. Relationship between average leaf NDVI and leaf age, where a leaf of 1 indicates the youngest leaf on a plant, and 6 is the oldest. While some
plants had a seventh or eighth leaf, those values were excluded from this analysis due to their small sample size.

While there is imprecision in the relationship between
chlorophyll content and NDVI (Fig. 2), the multispectral pho-
tography method may be beneficial over traditional chloro-
phyll content analysis for researchers in some situations.
Multispectral photography gives a detailed view of chlorophyll
content along the entire seagrass plant, showing regions of
high NIR reflectivity and demonstrating small-scale spatial
heterogeneity in light usage along the seagrass leaf. Prior work
has shown chlorophyll content to be greatest in the middle-
section of seagrass leaves compared to the apical section (Dalla
Via et al. 1998) and the bottom, where tissues are immature
(Ralph et al. 2005), which we also see with this method. As
chlorophyll content analyses are typically carried out only on
small segments of a plant, this multispectral method may pre-
sent a more holistic understanding of light usage dynamics
within the whole plant. In addition, the images captured can
be stored indefinitely and processed at any time. Because mul-
tiple analyses can be carried out using one plant sample, the
number of seagrass plants harvested can be minimized,
protecting the integrity of seagrass meadows, many of which
are already at risk of ecosystem degradation (Turschwell
et al. 2021). While small handheld chlorophyll samplers are
also an inexpensive option for researchers looking to map
seagrass chlorophyll content on the leaf (Yuan et al. 2016),
and have similar precision to our method, the multispectral
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photography method we present here may be a useful option
for researchers looking to map multiple plants more effi-
ciently. We recommend, however, that researchers using this
method first develop a standard curve between NDVI and
chlorophyll content by analyzing 20-30 leaves for both chlo-
rophyll content and NDVI.

Future climate scenarios predict enhanced eutrophication
in many coastal regions due to increased precipitation and
nitrogen fluxes (Sinha et al. 2017), reducing light reaching
seagrass meadows. As a result of decreased light and other
anthropogenic stressors, seagrass in some regions, including
New England where this study was carried out, face significant
risk of a rapid decline in the coming decades (Turschwell
et al. 2021). Beyond changes in the light environment, climate
change may also impact seagrass leaf pigment through ocean
acidification (Zimmerman et al. 2017; Celebi-Ergin et al.
2021). Monitoring seagrass health will become increasingly
important to protecting seagrass meadow ecosystems as
stressors on estuarine and coastal environments increase. The
method presented here can be used as a tool to assess how
seagrass interact with their light environment and may help
mangers better identify seagrass at risk of mortality due
to light limitation. Further testing on various seagrass
species and on plants sampled from new locations, as well as
modifications to the analysis, will continue to strengthen the
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Fig. 5. Average plant NDVI under different shading treatments in a mesocosm environment. NDVI (average of third-youngest blades from ~ 40 plants
grown under given light condition) decreases with increased light (p = 0.0006, df = 30). The black point represents the mean value for the group, while
the black vertical line represents one standard error above and below the mean. Note that one light treatment (~ 175 uM) was removed from the analy-
sis due to significant time between sampling and imaging (> 24 h) resulting in browning of leaves.

method. Additional testing on the effect of seagrass depth on
NDVI, as well as potential modifications for use in the field,
are avenues for future development of this method.
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