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Abstract

Measuring microalgae density in soft-sediment benthos has challenges for even the most sophisticated
methods. If the goal is to assess the photosynthetic potential of epipelon, then microalgae should be sampled
only at the surface of the benthos to the depth of light penetration. Furthermore, microalgae density may show
spatial and temporal variability that can only be captured by using many point samples and nondestructive
sampling. Here, we use simple near-infrared (NIR) imagery to assess surface density of microalgae in soft under-
water sediments and to infer their photosynthetic capacity. In lab studies, NIR imagery gives estimates of epi-
pelon density that are strongly correlated with standard chlorophyll a (Chl a) assays using pigment extraction
and fluorometry (RgCli =0.70), but NIR imagery is better able to separate experimental treatments. In analyses of
sediment samples from a lake, NIR imagery gives estimates of epipelon Chl a density that are strongly correlated
to net ecosystem production (NEP). Near-infrared imagery also gives a fine-grained assessment of the spatial dis-
tribution of epipelon that helps to explain the relationship between epipelon density and NEP. Finally, images
from an underwater NIR camera over the course of a wind disturbance event give estimates of the relative den-
sity of microalgae that is buried and is likely to be, at least temporarily, photosynthetically inactive. These
results show that NIR imagery provides an easy and nondestructive method for sampling surface densities of
microalgae which is particularly suitable for remote field locations and for educational settings in which stu-
dents can generate results with cheap and robust equipment.

Assessing water quality and primary production in freshwa-
ter and marine ecosystems require a reliable proxy of micro-
algae abundance. For pelagic systems, the most widespread
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proxy is chlorophyll a (Chl a), which can be measured using a
variety of methods (Holm-Hansen et al. 1965; Wetzel 2001).
While it is not a perfect measure of phytoplankton density or
photosynthetic activity (Jakobsen and Markager 2016;
Wetzel 2001), the ease of assaying Chl a concentrations
makes it a practical way to follow phytoplankton dynamics
through time and compare phytoplankton densities among
lakes, streams, and marine environments. In contrast to
Chl a in pelagic systems, simple proxies for microalgae den-
sity and primary production face significant challenges in
benthic systems, especially on soft sediment surfaces. This is
a significant limitation given the growing recognition that
benthic primary production can be an important contributor
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to the overall primary production of lakes and estuarian sys-
tems (Hope, Paterson, and Thrush 2020; Vander Zanden and
Vadeboncoeur 2020).

The challenges for developing a reliable proxy for epipelon
density and production in sediments arise because sediments
have both vertical and horizontal structures. Soft sediments are
often disturbed by abiotic and biotic forces, which bury micro-
algae below the sediment surface (Jacobs et al. 2021). While
buried cells may survive and even accumulate nutrients while
buried, they cannot be photosynthetically active where light
does not penetrate. Therefore, only microalgae densities on the
sediment surface determine the immediate role of the benthos
in primary production (Jesus et al. 2014). The vertical structure
of the sediment creates a challenge for sampling methods to
select only the photosynthetically active surface of the sedi-
ment. Furthermore, many benthic microalgal species are
motile, so that the photosynthetically active component of the
epipelon community may vary with the factors that determine
algal movement and orientation (Kromkamp, Morris, and For-
ster 2020). Epipelon communities are also spatially and tempo-
rally variable (Androuin et al. 2018; Chapman et al. 2010;
Chennu et al. 2013, 2015; Jesus et al. 2014; Koh et al. 2007),
and horizontal spatial variation in densities can occur on the
scale of millimeters to meters. Finally, temporal variation
requires nondestructive sampling so that changes in epipelon
densities can be monitored in the same location.

We were confronted with these challenges in our study of Lake
Myvatn, Iceland, a shallow naturally eutrophic lake in which ben-
thic production exceeds pelagic production except during late
summer in years when there are pelagic cyanobacterial blooms
(Einarsson et al. 2004; McCormick et al. 2021). The epipelon
community is primarily made up of diatoms, both colonial
(e.g., Fragilaria spp.) and single-celled species (e.g., Cymbella spp.),
some of which are motile (e.g., Surirella spp.) (Einarsson
et al. 2004; McCormick, Phillips, and Ives 2019). The lake floor is
covered by a meters-thick layer of diatomaceous ooze which is
highly susceptible to wind disturbance; we have observed sedi-
ment mixing to a depth of over 5 cm during windstorms. To
characterize spatial and temporal variation in epipelon, we have
used chlorophyll extractions and measurements of net ecosystem
production (NEP) under light saturating conditions on sediment
collected using Kajak corers (Fig. 1a) (Ives 2021). Chlorophyll
extractions illustrate the challenges of measuring epipelon densi-
ties. First, microalgae occur at high densities in sediment to
depths of several centimeters, which we can show by slicing cores
and extracting Chl a at different depths for fluorometric
analyses. Second, estimates of Chl a and NEP may vary several-
fold among cores taken within meters of each other, implying
spatial variation in epipelon and photosynthetic potential at
the scale of meters. We also use lab experiments to investigate
algal and midge (Diptera: Chironomidae) growth under differ-
ent experimental conditions. These experiments show spatial
variation at finer scales: the midge larvae spin silk tubes from
which they feed, creating variation in microalgae communities
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Fig. 1. Examples of near-infrared (NIR) images (left) and an index of
microalgae density, BGN_NDVI (right). (a) Kajak sediment cores are used
to estimate net ecosystem production (NEP) by incubating them for 3 h
suspended at a depth of 0.5 m in Myvatn; cores in black tubes used to
estimate respiration have been removed. The NIR image was taken at our
central station (Sta. 33) during our routine monitoring using standard
protocols (lves 2021). Kajak cores are 0.5 m long and 5 cm in internal
diameter. Note that the decreasing NIR reflectance (shown as red) with
more distant cores is due to water turbidity and low water transparency
to NIR radiation. (b, ) Experimental tubes (3 cm in diameter) without (b)
and with (c) added midges that form silk tubes. The images were taken
after 22 d in a growth chamber.

at the scale of millimeters (Fig. 1b,c). This fine-scale variation
may affect NEP by creating small areas with high or low micro-
algae densities which lead to microscale nutrient limitation.
Three general methods are available for in situ measurement
of proxies of microalgae densities on underwater surfaces
(Kromkamp et al. 2006; Kutser et al. 2020). Field fluorometers
use the excitation and emission frequency of pigments to give
optically specific measurements of the concentration of Chl
a in benthic microalgae (Bertone, Burford, and Hamilton 2018;
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Kromkamp, Morris, and Forster 2020; Stock et al. 2019). By
separately measuring taxonomically specific pigments,
fluorometers can also give gross taxonomic composition of a
sample, separating for example diatoms, cyanobacteria, and
chlorophytes. Standard fluorometry requires shielding from
external light sources which limits use on soft sediments that
are disturbed when touched. Pulse-amplitude-modulation fluo-
rometry overcomes this limitation by allowing natural light
sources (Maggi et al. 2013) and also gives a more-direct measure
of photosynthetic activity tied to the efficiency of photosystem
II (Daggers et al. 2018; Huot and Babin 2011). Nonetheless,
standard and Pulse-Amplitude-Modulation fluorometers mea-
sure averages over illuminated (excited) surfaces and therefore
require repeated measurements to characterize spatial variation.

Hyperspectral imaging measures the reflectance of samples in
many narrow bands from near-infrared (NIR) to ultraviolet
wavelengths, and field-deployed hyperspectrometers have been
developed for underwater work with either artificial or natural
light sources (Dumke et al. 2018a; Ghunowa, Medeiros, and
Bello 2019; Kazemipour, Méléder, and Launeau 2011; Kromkamp
et al. 2006; Mogstad, Johnsen, and Ludvigsen 2019;
Montes-Herrera et al. 2021; Murphy et al. 2005; Murphy and
Underwood 2006). Using the spectral reflectance from benthic
microalgae, hyperspectrometers can estimate Chl a densities.
Hyperspectral imaging can also characterize the taxonomic com-
position of samples using algorithms that separate the spectral
signatures of different pigments, although this requires calibra-
tion against the spectral signatures of the component taxa in the
specific microalgae community (Barillé et al. 2017; Dumke
et al. 2018b; Jesus et al. 2014; Russell et al. 2016). A limita-
tion of hyperspectral imaging is light availability needed to
record reflectance at many wavelengths; a single image may
require 10 min to capture using a specialized motorized
frame (Chennu et al. 2013). Newer technologies, however,
allow mounting hyperspectral cameras on remotely operated
vehicles (Summaers et al. 2022).

The third approach to measuring microalgae density in ben-
thic communities is near infrared (NIR) imaging (Daggers
et al. 2018; Kromkamp et al. 2006; Murphy, Underwood, and
Jackson 2009; Zhang et al. 2021). In contrast to hyperspectral
imaging, NIR imaging uses only two or three spectral bands
that are combined to give a simple index of microalgae density
(O'Reilly and Werdell 2019; Tong et al. 2022). For example, the
well-known normalized difference vegetation index (NDVI)
requires NIR and red wavelengths, using the high reflectance of
Chl a in NIR as the signal and red as the reference to represent
the overall reflected light levels (Tucker 1979). Near-infrared
imaging has been used for benthic and intertidal estuarian sedi-
ments either with modified commercial cameras (Murphy
et al. 2004) or by tricking unmodified cameras to take images
in the NIR (Murphy, Underwood, and Jackson 2009). Although
it lacks the potential of fluorometry and hyperspectrometry to
separate pigments and therefore indicate the relative composi-
tion of the microalgae community, NIR is simple and uses
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inexpensive equipment. Therefore, it gives a method for mea-
suring benthic microalgae density that is comparable in ease to
fluorometric measurements of Chl a as a proxy for phytoplank-
ton density in the pelagic zone.

Here, we validate and illustrate the use of NIR imagery as a
proxy of microalgae density on soft sediment surfaces both in
lab and field settings. First, we present three experimental lab
studies to compare the results derived using estimates of epi-
pelon density obtained from NIR imagery to those obtained
by extracting Chl a from samples using methanol and measur-
ing Chl a by standard fluorometric methods. Second, we
report on two studies in which we measured NEP as the rate
of dissolved oxygen evolution. We then tested whether our
NIR measure of epipelon density was correlated with NEP.
One of these studies was performed with a manipulation of
midge larvae presence/absence (Fig. 1b,c), making it possible
to assess NIR imaging as a tool to investigate fine-scale spatial
variation in microalgae density. Finally, as an illustration of
the types of information that NIR imagery can provide from
the field, we mounted a NIR camera above the sediment sur-
face in Lake Myvatn which took photos every 2 min. During
one day of this deployment, there was a short wind event that
disturbed the sediment surface. We use NIR images before,
during, and after the disturbance to estimate how much of
the photosynthetically active microalgae community on the
surface was buried in the windstorm.

Materials and procedures

Cameras

We have used three cameras: a Canon Powershot, a GoPro
HERO4, and a GoPro HERO7. All cameras had their red chan-
nel converted to NIR (850 nm), the Canon Powershot by
Llewellyn Data Processing (maxmax.com) and the GoPros
by Kolari Vision (kolarivision.com). For our needs, GoPros
are the more versatile because they have a wide focal dis-
tance, and the HERO7 is waterproof. Converted GoPros can
be purchased for under US$600. To monitor changes in the
benthos, we mounted the GoPro HERO4 in a waterproof
camera box with additional lithium batteries that allow tak-
ing time-lapse images for several months using a Blink Time
Lapse Controller (CamDo, https://cam-do.com). The camera
assembly was attached to a 50 x 50-cm aluminum frame at
30 cm above the sediment surface facing downward.

BGN_NDVI
The index we used as the proxy for microalgae density is

NIR-0.5(G+B)
BGN_NDV[=—ru——————=
- NIR+0.5(G+B)

where G and B are green and blue optical channels. This is
similar to NDVI but with the term 0.5(G + B) replacing R, the
red channel. Values of NIR, G, and B range between 0 and 1,
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and therefore BGN_NDVI ranges between —1 and 1. Our ratio-
nale for using BGN_NDVI is that the light source penetrating
to the benthos is filtered through water, which favors the blue
spectrum, and light is further filtered through phytoplankton;
the water is blue-green. Furthermore, diatoms are the domi-
nant benthic algae at Myvatn, and carotenoids that give dia-
toms their golden-brown color have absorbance peaks at
longer wavelengths (G) than Chl a (B). These factors argue for
using 0.5(G + B) as the reference against which NIR is com-
pared. We compared BGN_NDVI with other indices that we
could compute using the B, G, and NIR bands that were avail-
able on our cameras, and of these, the indices using NIR as the
main signal of microalgae density were highly correlated
(Supporting Information section “Additional indices of Chl a
from reflectance”).

Because NIR imagery measures reflectance, the light source
will affect the quantitative results. Therefore, we generally use
NIR imagery as a proxy for relative rather than absolute micro-
algae densities. In laboratory settings, we use indirect sunlight
in situations when we can take a single image of all experi-
mental replicates we want to compare. When this is not possi-
ble, we take images of individual replicates using a controlled
light source given by a 60-W incandescent bulb; incandescent
bulbs are strong emitters of NIR as well as visible light. Images
are taken using a simple frame with a light diffuser that main-
tains a standard distance between the replicate and the bulb.
Repeatability of image values is high using this setup.

Although we refer to BGN_NDVI as a measure of microalgae
density, we emphasize that it is a standardized measure of NIR
reflectance. Thus, it is less specific to Chl a than measurements
obtained using standard fluorescence methods on extracted
sediment samples. A further advantage of extraction and fluo-
rescence is that this gives “corrected” Chl a concentrations after
accounting for the concentration of pheophytin a, a break-
down product of Chl a (Arar and Collins 1997). The relative
concentrations of pheophytin a to Chl a can itself be a useful
indicator of algal cell death and breakdown.

We processed images using the jpeg package (Urbanek 2022)
in the R programming language (R Core Team 2023). Code and
data are available open access (https://doi.org/10.6084/m9.
figshare.26790517).

Experimental comparison of NIR imagery and Chl a
estimated with fluorometry

To compare NIR imagery to the standard approach of
extracting Chl a and using fluorometry, we performed three
experiments designed to generate a range of epipelon density.
The experiments were intended to give the best fluorometric esti-
mates of benthic Chl a densities that then serve as a standard
against which to evaluation NIR imagery. All experiments were
performed at the Myvatn Research Station, Iceland, which has
limited lab equipment.

In the first experiment, 18 microcosms were constructed
from 50-mL centrifuge tubes (3 x 11 cm) by cutting the
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bottoms off and inverting so that sediment could be added to
the bottom. Fine 20-um mesh was placed as a barrier 1.5 cm
above the bottom of the inverted tubes to prevent the move-
ment of motile diatoms. On 01 September 2017, the bottoms
of the 18 tubes were filled with surface sediment (top 1.5 cm)
taken from 18 Kajak cores, 3 from each of 6 permanent sam-
pling sites that we have at Myvatn. We expected that sedi-
ment from cores at different sites would differ in nutrient
content and therefore be of differing quality for algal growth.
Filters (Whatman GF/A) were placed on top of the mesh and
inoculated with a dilute aliquot of homogenized sediment
from the top 1.5 cm of sediment collected from one of the
sites and filtered through 125-ym mesh. Six additional tubes
were set up without sediment and therefore had no nutrients
beyond those available in the spring water used to fill the
tubes. Tubes were placed in a refrigerator at ~ 10°C and illumi-
nated with saturating photosynthetically active radiation
(PAR) light (~ 100 umol m~2 s~ ). After 24 d, filter papers were
removed, spread on a damp paper sheet, and imaged together
with the Canon Powershot under indirect sunlight. The filters
were then frozen separately. Twenty-four hours before fluo-
rometry, filter papers were placed in 20 mL methanol at 4°C,
and fluorescence was measured with an Aquafluor (Turner
Designs) using standard protocols (Ives 2021). “Corrected” Chl
a was computed by subtracting the fluorometric values after
acidifying samples with 0.1 N HCI; the corrected Chl
a measurements remove the fluorometric signal of pheophytin
a (Arar and Collins 1997). The Aquafluor is factory-calibrated in
units of ug Chl a/L. In summary, the experiment measured the
growth of a common inoculum on filter paper, with sediment
below the mesh providing variation in nutrient availability for
the growth of the common inoculum, and final measurements
were made with both NIR imagery and fluorescence.

The second experiment used the same microcosms, but
nutrient additions were used to create differences in epipelon
density. On 23 May 2018, the bottoms of 32 tubes were filled
with homogenized sediment taken from the top 8 cm of Kajak
cores from our central sampling site at Myvatn (Sta. 33). We
added nutrients in a 2 x 2 x 2 design for ammonium, phos-
phate, and silicate with each treatment replicated 4 times.
Ammonium (NH4Cl) and phosphate (KH,PO,) were added for
final concentrations of 400 and 50 uM L~!, which are the
highest concentrations measured at a depth of 1cm in
Myvatn sediment (Anon 1991). Silicate (H;sNa,0;,Si) was
added at 800 uM L™, which is roughly the average concentra-
tion found in springs that feed Myvatn. Filter paper on top of
the 20-ym mesh was inoculated with a diluted and homoge-
nized sample from the top 1.5 cm of the sediment. An addi-
tional three tubes were included that were not inoculated nor
given nutrients, but included bottom sediments. Tubes were
placed in a refrigerator at ~ 10°C with saturating actinic light
(~ 60 ymol m~% s~1, measured with a PAR light meter) for 8 d,
and then NIR images and fluorescence measurements were
taken as in the first experiment. In summary, the experiment
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measured the growth of a common inoculum on the filter
paper with nutrients diffusing from sediments and with varia-
tion in growth created by nutrient additions.

The third experiment used similar microcosms made from
50-mL centrifuge tubes, but no mesh or filter paper was used.
Therefore, they give the realistic case of microalgae growing
directly on sediment. Sediment was collected on 18 August
2020, from the top 0.5 cm of Kajak core samples from our cen-
tral sampling location in Myvatn, and simultaneously water
was collected from above the sediment. Sediment was homog-
enized by sieving through 250-um mesh and then distributed
among 24 tubes to a depth of 0.5 cm, with lake water added
for a total volume of 20 mL. Treatments were implemented in
a 2 x 2 experimental design for full light/shading and ammo-
nium addition/control at the same concentrations as the sec-
ond experiment. Near-infrared images of the tubes were taken
on days 3, 6, and 13 of the experiment with the GoPro HERO4
using an incandescent light source, and after the final NIR
images each tube was fluorometrically assayed for Chl a by
vigorously resuspending sediment, taking a 1-mL sample,
extracting Chl a in 10 mL methanol for 24 h, and performing
fluorometry using our standard protocol. This third experi-
ment used the ability of NIR imagery to sample for microalgae
density nondestructively and hence repeatedly over the course
of an experiment; at the end of the experiment, we compared
NIR imagery with fluorometry obtained destructively.

Comparison of NIR imagery and NEP

To determine whether NIR imagery estimates of epipelon
density could predict NEP, we used two experiments (fourth
and fifth experiments).

In the fourth experiment, we reconstructed sediment cores
in centrifuge tubes and measured BGN_NDVI and NEP. To
generate variation among tubes, we used three sediment sam-
ples taken with a Kajak corer on 13 June 2023, from each of
our 6 permanent sampling sites in Myvatn, and to assess the
repeatability of measurements, we created 2 replicates from
each of the 18 sediment samples. For one replicate, we filled a
tube with 20 mL of sediment taken from the Kajak core at
a depth of 8-12 cm. For the second replicate, we filled a tube
with 20 mL of clean sand. We then added 4 mL of inoculum
made from a homogenized sample of the top 0.75 cm of the
Kajak core in both tubes. Thus, top sediment from each of
the 18 Kajak core samples was placed in two tubes, with one
tube containing bottom sediment and the other containing
sand. Because the measurements we present were taken in the
first 24 h, we did not expect to find a difference between tubes
with bottom sediment and sand; this was the first part of a
long-term bioassay we use to assess variation in nutrient flux
from sediments to benthic algae. We placed all tubes in a
refrigerator with saturating actinic lights. After 24 h we took
NIR images with the GoPro HERO7 of each chamber using an
incandescent light source. We then measured dissolved oxy-
gen (DO) with an optical DO probe (ProODO, YSI). We
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computed NEP from the DO concentration under the assump-
tion that the DO concentration was at steady state between
NEP from the algae in the sediment and flux to the atmo-
sphere (see Supporting Information section ‘“Measuring NEP
using open containers”).

The fifth experiment was designed to measure the effect of
midge (Chironomidae: Tanytarsus gracilentus) larval presence on
microalgae growth, and microalgae growth on larval growth
and development rates (Botsch et al. 2023). The experiment
was conducted in August 2020 and crossed the presence/
absence of midge larvae with a gradient in initial density of
microalgae. The gradient consisted of 10 microalgae densities
created by serially diluting sediment from the top 0.5 cm of
Kajak cores taken from our central sampling location at Myvatn
with microalgae-poor sediment collected from S5 to 10 cm
depth. Five replicates were produced for each of the 20 treat-
ments, and 2 and 3 replicates were sampled on days 14 and
22, respectively; here we present data from the 60 experimental
tubes sampled on day 22 when midge larvae had more time to
affect microalgae. We took NIR images using an incandescent
light source. Then, NEP and ecosystem respiration were esti-
mated by measuring DO concentrations, capping the tubes,
incubating them in the light (24 h) or dark (11 h), and re-
measuring DO concentrations. In contrast to the fourth
experiment which measured DO concentrations in unsealed
containers, the procedure using capped containers allowed the
separation of gross ecosystem production, NEP, and ecosystem
respiration. In addition to calculating the mean BGN_NDVI for
each experimental tube, we computed the “grain” or spatial
scale of variation in BGN_NDVI: we divided the images into
189 64 x 64 pixel grids, averaged the BGN_NDVI within each
grid, calculated the standard deviation among grids, and
divided by the standard deviation in BGN_NDVI calculated
from all 656,989 pixels. When this measure of grain is low,
much of the variation in BGN_NDVI occurs within the 64 x 64
pixel grids, and therefore lower values represent more fine-
grained spatial variation. We also investigated other measures
of spatial variation (see Supporting Information section “Spatial
variation caused by midges in a lab experiment”). A complete
description of the experiment is given in Botsch et al. (2023),
although values of BGN_NDVI were not included.

The fourth and fifth experiments apply NIR imagery in situ-
ations that would be difficult for Chl a extraction and fluoro-
metric measurement. In the previous experiments that used
filter paper (first and second lab experiments), it was possible
to get good samples of the growing community of algae for
fluorometry. In the previous experiment that used sediment
(third lab experiment), a thin layer of sediment was used so
that the entire sample could be resuspended and sampled for
fluorometry. In the fourth and fifth experiments, only at the
top of the sediment will there be enough light penetration for
photosynthesis, and there is no easy method for assaying only
the photic sediment zone. Therefore, we did not perform
fluorometry.
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Field deployment of NIR imagery

We used the GoPro HERO4 mounted on a frame to monitor
changes in the benthos from 16 June 2023 to 19 June 2023, in
which images were taken every 2 min. During the daylight
hours on 18 June 2023, the average windspeed was 18 km h™?,
although there was a period of 27 km h™! around 13:00-
15:00, with gusts to 40km h™'. We present images from
before, during, and after the effects of this gusty period.

Assessment

Below, we first present the results from experiments to com-
pare epipelon densities assessed using NIR imagery (BGN_NDVI)
to Chl a measured by fluorometry in laboratory situations that
should allow accurate fluorometry measurements. We then use
results from two experiments to assess the ability of NIR imagery
to predict NEP, which should be closely associated with
microalgae density under laboratory conditions. Finally, we take
advantage of two features of NIR imagery—the ability to take
nondestructive samples and sample an entire 2D surface—to
quantify the effect of a wind disturbance on the burial of micro-
algae on the sediment surface of Myvatn.

Experimental comparison of NIR imagery and fluorometry

We performed three lab experiments to compare BGN_NDVI
values to those obtained by extracting Chl a with methanol and
measuring Chl a using fluorometry. In the two experiments in
which a common inoculum was grown on filter paper, there was
a strong relationship between BGN_NDVI and Chl a from fluo-
rometry (Fig. 2). In the first experiment (Fig. 2a) the regression of
BGN_NDVI on Chl a from fluorometry was highly significant
(t=6.85, p<0.00001) with Rfdi:0.70. Although it appears
that there might be a saturating effect at high BGN_NDVI, a

Infrared imaging for epipelon Chl a

quadratic term in a polynomial regression was not significant
(t=-1.68, p=0.11). In the second experiment (Fig. 2b), the
regression of BGN_NDVI on Chl a excluding the non-
inoculated filter papers was highly significant (t=8.37,
p<0.00001) with Ridi =0.69. In the third experiment (Fig. 2¢),
no filter paper was used, and measurements were taken
directly on sediments: NIR images were taken of the surface of
the 0.5-cm-thick sediments, and Chl a was extracted with
methanol from the sediment after resuspension. The relation-
ship between BGN_NDVI and Chl a from fluorometry at the
end of the experiment was weaker than in the first two experi-
ments, with a moderately significant slope (t=2.49, p=0.032)
and R, =0.32.

The second experiment had a 2 x 2 x 2 factorial design with
ammonium (N), phosphate (P), and silicate (Si) additions, mak-
ing it possible to ask whether BGN_NDVI or Chl a from fluorom-
etry was better able to identify a treatment effect (Table 1; Fig. 3).
BGN_NDVI identified a significant main effect of N and a N : Si
interaction, with an overall Razd]- =0.52. In contrast, Chl a from
fluorometry failed to detect any treatment effects and had an
Razdj =0.31. We also analyzed the “uncorrected Chl a” obtained
from fluorometry before acidification. The uncorrected Chl a
contains fluorescence from pheophytin a and therefore might
give more similar measurements to BGN_NDVI. The regres-
sion using uncorrected Chl a identified a main effect of N and
had an Rid]» =0.38. The regression of BGN_NDVI on
uncorrected Chl a (Ridi =0.72) was also slightly stronger than
on corrected Chl a (RZy; =0.69, Fig. 2b).

The third lab experiment had a 2 x 2 factorial design with

treatments for shade and saturating light (S and L), and
ammonium addition and control (N and C). Near-infrared
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Fig. 2. Three lab experiments comparing epipelon density estimated from BGN_NDVI and from fluorometry. (a) In the first lab experiment, filters were
placed above sediment collected from six lake sites (symbols). (b) In the second experiment, filters were inoculated with a common sediment stock and
nutrients were added in a 2 x 2 x 2 factorial design of presence/absence of ammonium, phosphate, and silicate (symbols); in addition, there were three
replicates without sediment underneath the filters (red circles). (c) The third experiment had a 2 x 2 design crossing light level with ammonium addition
(symbols), and the data in the panel are from the last time point (day 13) of the experiment.

9SURDITT suowwo)) dAnear) dqedrjdde ayy £q paurdAo3 a1k sa[OIIR YO (SN JO SI[NI 10§ AI1eIqIT 2UI[UQ A[IAN UO (SUOTIPUOI-PUL-SULI)/ W0 K[1m’ Krelqriaur[uo//:sdiiy) suonipuo)) pue s [, a1 235 *[$707/60/€ 1] uo Areiqr auruQ A3[IA ‘12901 €WO[/Z001 01/10p/wod Koim Kreiqrjaurjuo sqndoyse//:sdny woiy papeojumo( ‘¢ ‘S0z ‘9S8S1HS1



Ives et al. Infrared imaging for epipelon Chl a

Table 1. ANOVA results from the second lab experiment showing the abilities of different measures to detect experimental treatment
effects (see Fig. 3). The experiment had a 2 x 2 x 2 factorial design for addition of ammonium (N), phosphate (P), and silicate (Si).
BGN_NDVI was measured using near-infrared (NIR) imagery, and corrected chlorophyll a (Chl a) and uncorrected Chl a (including

pheophytin) were measured using fluorometry. The no-inoculum control was excluded from the statistical analyses.

BGN_NDVI Chl a Uncorrected Chl a
Treatment df F-value p-value F-value p-value F-value p-value
N 1 7.536 0.011* 2.927 0.100 5.138 0.032*
P 1 1.993 0.170 0.002 0.963 0.142 0.710
Si 1 3.113 0.090 0.590 0.450 1.100 0.304
N:P 1 3.380 0.078 2.755 0.109 2123 0.158
N :Si 1 4.301 0.049* 0.503 0.485 0.933 0.343
P:Si 1 1.430 0.243 0.417 0.524 1.108 0.303
imagery allowed repeated nondestructive measurements of the e} @)
sediment surface on days 3, 6 and 13, after which sediment 0.00 — @ ©
was resuspended and Chl a extracted and measured with fluo- - o)
rometry (Fig. 4). The repeated BGN_NVDI values show the 5 -0.05 — (e} g 5} é o 6 §
establishment first of main effects of L and N treatments (day Z| 8 o 0]
6), followed by the emergence of an interaction effect (day o -0.10 —
13). On day 13, NIR imagery revealed negative main effects of O]
L (t=-4.700, p=0.0015) and N (t=—6.90, p=0.00012), -0.15
and a marginally significant positive L:N interaction 9
(t=2.29, p=0.051). In contrast, fluorometry did not reveal
any significant treatment effects, although there was a nega- 70 — o) O (b)
tive nonsignificant effect of N. An increase in BGN_NVDI at —_ 60 —| o
low light (S) can be biologically explained if the benthic algae %I’ 50 — O
increase their investment in Chl a to compensate. The strong = o o ©
negative effect of N on BGN_NVDI is biologically more diffi- © 40 8 @ 0 O
cult to explain and was not found in similar experiments such 1 30 8 o 8 8 O o
as the second experiment in which N had a positive effect 6 20 — 8 % 8
(Table 1). Nonetheless, response of NEP to the N treatment on 10 —
day 13 was also negative (f = —8.198, p < 0.00001), consistent CI) T T T T T T T I
with the effect on BGN_NVDI. —_—
go=zr5yo800
Comparison of NIR imagery and NEP = = Z 0O O
In the fourth experiment performed on sediment samples 8 2

collected from six locations in Myvatn, there was a strong rela-
tionship between BGN_NVDI and NEP (Fig. 5; t=10.8,
p <0.00001, Rid; =0.77). In the experimental design, sediment
from three Kajak cores at each site (18 total cores) were
divided in half, and two replicates were created that were dif-
ferent only in the substrate (sediment vs. sand) on which the
samples were placed. This makes it possible to compare
repeated BGN_NDVI measurements on replicates of the same
samples. Partitioning the variance of BGN_NDVI among the
36 samples, the variance due to differences among BGN_NDVI
measured from the same sample was 16% of the total vari-
ance. This repeatability estimate includes not only variation in
the measurement of BGN_NDVI, but also variation in the con-
struction of the replicates. A similar partitioning of variances
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Fig. 3. The second lab experiment (Fig. 2b) compared the results obtained
using measures to detect experimental treatment effects (see Table 1). The
experiment had a 2 x 2 x 2 factorial design for addition of ammonium (N),
phosphate (P), and silicate (Si). BGN_NDVI was measured using near-infra-
red (NIR) imagery, and Chl a was measured using fluorometry.

in NEP showed greater repeatability, with the variance due to
differences among replicates equal to 3% of the total variance.
The higher repeatability of NEP than BGN_NDVI suggests that
measurement error of BGN_NDVI is greater than NEP.

In the fifth experiment, a statistical model including
BGN_NDVI and presence/absence of midge larvae gave a
strong relationship with NEP (Fig. 6a; BGN_NDVI, t = 7.897,
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Fig. 4. The third lab experiment (Fig. 2c) used repeated near-infrared (NIR) imaging to reveal changes in relative BGN_NDVI on surface sediments
(a—c), and at the end of the experiment sediment was resuspended and sampled for fluorometric determination of Chl a (d). Treatments are shaded

(S) and saturating light (L), and control (C) and ammonium addition (N).

p <0.00001; midges, t = 4.695, p =0.00002; Rgdi =0.65). For a
given value of BGN_NDVI, the presence of midge larvae
decreased NEP. A possible explanation for this, that replicates
with midges had higher ecosystem respiration, can be ruled out
because replicates without midge larvae had generally higher eco-
system respiration than those with larvae (Supporting Informa-
tion Fig. S4a). A second explanation is that replicates with midge
larvae had higher fine-grained variation in epipelon densities
which affected NEP; for example, high variation in epipelon den-
sities could lead to localized competition for nutrients and
reduced overall NEP. The spatial grain in epipelon as determined
by BGN_NDVI was finer in the presence of midge larvae in
replicates with low mean BGN_NDVI (Fig. 6b). The replicates
with low mean BGN_NDVT (e.g., Fig. 1c¢) were those that had
low epipelon densities at the start of the experiment and
therefore were influenced more by the presence of midge lar-
vae (Botsch et al. 2023).

Field deployment of NIR imagery

The field deployment of an NIR camera revealed the effect
of a wind disturbance to bury microalgae under the sediment
surface (Fig. 7). Around 13:30 on 18 June 2023, water currents
were strong enough to disturb the sediment surface, resulting
in a decrease in BGN_NVDI. The decrease was roughly one
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standard deviation of the distributions of values among pixels
within images. Although BGN_NDVI does not give absolute
densities of Chl g, if the lowest value of BGN_NVDI within a
pixel is assumed to represent zero (no epipelon), then the
wind disturbance decreased the density of microalgae exposed
to light by 30-40%. This represents a maximum estimate of
the decrease in epipelon density, because even the pixel with
the lowest BGN_NVDI value might have contained epipelon.
Nonetheless, the magnitude of the decrease in BGN_NVDI
suggests a large impact of the wind disturbance. Note also that
before and after the wind disturbance, the mean values of
BGN_NDVI were relatively stable, implying that changes in
light conditions or other non-biological factors that could
affect the values of BGN_NDVI through time are small com-
pared to the spatial variation in BGN_NDVI values within
images (see Supporting Information section “Field deployment
and alternative formulations of BGN_NDVTI”).

Discussion

The results show that NIR imagery gives an effective nonde-
structive proxy for microalgae density on soft sediment that
can be used in both the lab and field. We performed three lab
experiments designed to calibrate NIR imagery against fluoro-
metric measurements of Chl a using designs for which we
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thought fluorometry would be a good standard. For epipelon
communities grown on filter paper from which Chl a could be
easily extracted, there was a strong association between
BGN_NDVI from NIR imagery and Chl a from fluorometry
(Fig. 2). While we used fluorometry as the standard, the
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Fig. 5. The fourth experiment allowed a comparison between net eco-
system production (NEP) and BGN_NDVI. Eighteen sample Kajak cores
from six sampling locations in Myvatn (different symbols) were split
between two tubes and placed above either sediment (red symbols) or
sand (black symbols). Tubes were then placed in a growth chamber at
saturating actinic light levels for 24 h, after which near-infrared (NIR)
images were taken.
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second experiment gave evidence that NIR imagery was out-
performing fluorometry (Fig. 3): BGN_NDVI explained more
variation among experimental treatments than fluorometry
(Table 1). In the third lab experiment using sediment rather
than filter paper, the association between NIR imagery and
fluorometry was less tight (Fig. 2c), and BGN_NDVI was again
able to detect treatment effects that fluorometry did not
(Fig. 4). These experiments left us with greater confidence in
NIR imagery than fluorometry for estimating microalgae den-
sity at the surface of soft sediment.

BGN_NDVI was also a strong predictor of NEP in sediment
samples taken from the field (Figs. 5,6). Because NIR imagery
measures reflectance only to the depth of light penetration,
which for sediments is generally less than 2 mm (Cartaxana
et al. 2011; Gomoiu 1967; Kiihl, Lassen, and Jorgensen 1994),
it measures the density of microalgae that are exposed to light
(Jesus et al. 2014). Even though reflectance measures light that
is not used for photosynthesis, for a light source of a given
spectral composition, reflectance of NIR by epipelon should
be roughly proportional to Chl a. We have investigated the
fine vertical distribution of microalgae in the sediment by
freezing minicores and examining slices at the millimeter
scale. For sediments that are incubated under stable lab condi-
tions, algal cells on the surface are more likely to be “living”
(have expanded chloroplasts) and dividing, and strands of
colonial species (Fragilaria) are longer. Therefore, in the lab
the photosynthesis and growth of epipelon in response to
experimental treatments is likely to be greatest on the sedi-
ment surface, which explains the close association between
NEP and BGN_NDVIL

Near-infrared imagery also gives a simple means for
assessing fine-scale horizontal spatial variation in epipelon
density (see also Murphy, Underwood, and Jackson 2009). In
our lab experiment on the effects of midge larvae on NEP,
midge presence decreased the NEP within experimental

1.0

7 (b)

Grain

| | | | | T |
0.24 0.28 0.32 0.36

BGN_NDVI

Fig. 6. Results from the fifth experiment varying the presence/absence of midge larvae with a gradient in initial epipelon density (10 levels) measured
after 22 d (Botsch et al. 2023). (a) Estimates of net ecosystem production (NEP) for 30 replicates with (x's and solid line) and without (o’s and dashed
line) midge larvae vs. BGN_NDVI. (b) Spatial grain of the variation in BGN_NDVI, with lower values implying finer grain (e.g., Fig. 1b has finer grain than
Fig. 1¢). Spatial grain was measured as the standard deviation of mean values of BGN_NDVI in 189 64 x 64 pixel grids divided by the standard deviation

in values of BGN_NDVI for the 656,989 pixels per image.
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MW

12:00 13:00 - 14:00 15:00 16:00

Fig. 7. Near-infrared (NIR) imagining was used to estimate the effect of a wind disturbance event on the density of epipelon exposed on the sediment
surface of Myvatn on 18 June 2023. The top row shows images from 13:10, 13:48, and 14:32. The images were used to compute BGN_NDVI, in which
higher BGN_NDVI is given in lighter shades of gray (second row). We suspect that the circular green areas (absence of epipelon) are the entrances of
midge (Chironomus islandicus) tubes in the sediment based on samples from Kajak cores taken at the same time. The histograms show the distributions of
BGN_NDVI from all pixels before (13:10, light gray) and after (14:32, black) the wind disturbance, with overlap between histograms shown in dark gray.
Vertical dashed and solid lines give mean BGN_NDVI before and after disturbance. The lowest panel shows the time series of BGN_NDVI calculated from
NIR images taken every 2 min; the shaded region gives the 68% inclusion intervals of BGN_NDVI values within the same image that are comparable to
the standard deviation. Vertical dashed, dotted, and solid lines at 13:10, 13:48, and 14:32 correspond to the images at the top of the figure.
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replicates for a given mean value of BGN_NDVI (Fig. 6a). A
possible explanation is that midge larvae created fine-scale
spatial variation in epipelon densities (Figs. 1b,c, 6b) which
changed the relationship between NEP and mean BGN_NDVI.
It is also possible to estimate fine-scale variation in epipelon
densities using hyperspectral imaging (Chennu et al. 2013;
Murphy et al. 2004, 2005), although this requires more
sophisticated equipment and image processing.

Measuring pelagic concentrations of Chl a or other pig-
ments has been criticized for giving an incomplete picture
of epipelon communities, and NIR imagery is subject to
many of the same criticisms. For example, cell biovolume is
a better measure of the materials and nutrients that are
incorporated into microalgae, and cell biovolume and spe-
cies composition are better measures of the potential rate at
which microalgae communities can uptake nutrients
(Canfield et al. 2019; Felip and Catalan 2000; Geider 1987;
Jakobsen and Markager 2016; Wetzel 2001). Even though
Chl a may be more directly tied to the rate of photosynthe-
sis than other measures of microalgae abundance, it only
measures the potential for photosynthesis; realized photo-
synthetic rates also depend on light, nutrients, temperature,
and suitable environmental conditions (Geider 1987). Fur-
thermore, Chl a may be poorly related to biovolume due to
the physiological response of microalgae to light conditions.
In our third lab experiment (Fig. 4), BGN_NDVI was higher
under low light than under high light. While this might
have been caused by phototoxicity, the high light levels
were within the range normally experienced by the Myvatn
benthos. Studies have shown that diatoms and other algae
increase investment in chloroplasts under low light condi-
tions (Canfield et al. 2019; Felip and Catalan 2000;
Geider 1987), and we have seen this response in other
experiments and field observations in winter. Although NIR
imagery is subject to many of the criticisms of fluorometry
on extracted sediment samples as a measure of microalgal
abundance, NIR imagery is less subject to the criticism that
fluorometry on extracted samples cannot account for self-
shading of Chl a within or among algal cells; because NIR
imagery measures reflectance, it is proportional to exposure
from a directional light source such as the sun.

As a laboratory tool, NIR imagery has the advantage of
being nondestructive, fast, and cheap, allowing measure-
ment of hundreds of samples daily. Repeated sampling
makes it possible to observe changes that evolve in samples
(e.g., Fig. 4). There are potential methods that might give
more accurate measurements of Chl a and other pigments.
For example, hyperspectral imagery has the potential to sep-
arate different algal groups using differences in reflectance
spectra. Nonetheless, this requires calibration against sam-
ples of known species composition. In vivo fluorometry uses
the specific optical properties of Chl a and other pigments
to give separate estimates of the densities of taxonomic
groups (e.g., diatoms, cyanobacteria, and chlorophytes), yet

186

Infrared imaging for epipelon Chl a

in vivo fluorometry requires specialized equipment rather
than a simple camera. Also, the ability of NIR imagery to
transfer between lab and field makes it possible to relate lab
and field results.

Comments and recommendations

In our application of NIR imagery, we did not use a white
or gray reference card to measure reflectance of the light
source (Kromkamp et al. 2006; Murphy et al. 2005). In the
lab, we could not use a reference card for photos of sub-
merged samples without disturbing the sediment, and in
the field fouling by biofilms will quickly degrade the refer-
ence card. Nonetheless, for a standardized light source in
the lab, BGN_NDVI gives the relative values which for many
applications, such as measuring response to experimental
treatments, is sufficient. For field applications, standardizing
among images relies on the reflectance in the blue and
green spectral bands, and while this seems adequate for
images taken relatively close in time, it is problematic to
compare images taken, for example, under different water
clarity conditions due to shading from phytoplankton and
suspended particulates. Thus, in long-term deployments,
NIR imagery will be most useful for measuring short-term
changes such as wind-induced sediment mixing (Fig. 7).

Despite the potential value of NIR imagery, it has not been
used extensively to measure epipelon in the literature. Lack of
broad adoption might be because past assessments of the asso-
ciation between simple spectral indices like NDVI and Chl a
measured by chemically extracting Chl a from sediment sam-
ples have not been convincing; a comprehensive assessment
of the association between the two methods had R* values of
at most 0.5 (Murphy et al. 2005). However, our results with
NIR imagery did not leave us wondering whether NIR imagery
could match the performance of measuring Chl a from
extracted samples, but instead convinced us that NIR imagery
was the better method for many applications.

Near-infrared imaging has the potential to aid studies
designed to quantify epipelon densities at both fine and broad
spatial scales in a lake, giving insight into the contribution
that the benthos makes to lake production. At fine spatial scales,
infaunal and epifaunal species may play roles as ecosystem engi-
neers that alter primary production through bioturbation and
sediment surface alteration (Holdren and Armstrong 1980;
Holker et al. 2015; Michael et al. 2023; Phillips et al. 2021;
Vaughn and Hakenkamp 2001). The fine-scale variation in Chl
a generated by ecosystem engineers can be quantified using NIR
images (Fig. 1b,c), and the nondestructive imaging makes it pos-
sible to observe changes in the benthos through time. Linking
Chl a measurements to fine-scale patterns of NEP should make it
possible to estimate, through space and time, how ecosystem
engineers increase or decrease benthic NEP. At the broad whole-
lake scale, the ease of taking and processing NIR images makes it
possible to characterize the variation in Chl a concentration in
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the epipelon throughout a lake. Characterizing broad-scale pat-
terns may reveal the effects of light/depth gradients (Gushulak
et al. 2021) or proximity to nutrient inflows for benthic NEP
(Blumenshine et al. 1997; Hagerthey and Kerfoot 2005). This
spatial and temporal variation in epipelon could influence the
release of nutrients from the sediment into the pelagic zone
(Chen et al. 2018; Dodds 2003). As a caution, patterns in epi-
pelon Chl a need to be tested for their ability to predict NEP,
because intracellular concentration of Chl a may change under
different light levels (e.g., Fig. 4) and nutrient availability may
limit production. Nonetheless, documenting whole-lake spatial
and temporal variation in benthic Chl a is an important compo-
nent of quantifying the contribution of the benthos to whole-
lake NEP (Vander Zanden and Vadeboncoeur 2020). Fine- and
broad-scale measurements of benthic Chl a and NEP will com-
plement the corresponding fine- and broad-scale measurements
of pelagic Chl a that are possible with recent technological
advances (Loken et al. 2018).

We started to investigate NIR imaging because we needed
a simple method to measure a proxy for microalgae density
on the surface of soft sediments; the diatomaceous ooze of
Myvatn becomes resuspended with slight disturbances to
the overlying water. We also wanted a method that could
be used in the lab and extended field deployments, and by
students using cheap and robust equipment. Near-infrared
imaging gives a surprisingly accurate way to estimate
epipelon densities that is closely related to NEP under lab
conditions with saturating light (Fig. 5).
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