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Abstract 

To address challenges in early detection of pond pests, we have extended a spectroradiometric 

monitoring method, initially demonstrated for measurement of pigment optical activity and 

biomass, to the detection of algal competitors and grazers.  The method relies upon measurement 

and interpretation of pond reflectance spectra spanning from the visible into the near-infrared.  
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Reflectance spectra are acquired every 5 minutes with a multi-channel, fiber-coupled 

spectroradiometer, providing monitoring of algal pond conditions with high temporal frequency.  

The spectra are interpreted via numerical inversion of a reflectance model, in which the above-

water reflectance is expressed in terms of the absorption and backscatter coefficients of the 

cultured species, with additional terms accounting for the pigment fluorescence features and for 

the water-surface reflection of sunlight and skylight.  With this method we demonstrate detection 

of diatoms and the predator Poteriochromonas in outdoor cultures of Nannochloropsis oceanica 

and Chlorella vulgaris, respectively.  The relative strength of these signatures is compared to 

microscopy and sequencing analysis.  Spectroradiometric detection of diatoms is then further 

assessed on beaker-contained mixtures of Microchloropsis salina titrated with Phaeodactylum 

tricornutum, Thalassiosira weissflogii, and Thalassiosira pseudonana, respectively, providing an 

initial evaluation of the sensitivity and specificity of detecting pond competitors. 
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1. Introduction 

Outdoor algal ponds are complex, living systems in which resiliency is critical to productivity, and 

for which environmental contamination can lead to drastic loss of product [1-3].  Literature 

estimates put annual production loss from grazers alone as high as 30% [4], and this estimate does 

not even include the negative impact of other algal pests such as fungi, bacteria, viruses, and weed 

species of algae.  Even under the Unified Field Studies of ATP3, which cultured algae in mini-

raceway ponds elevated above concrete slabs by metal frames [5], thus limiting exposure to the 

surrounding environment, the mean time between pond failures (typically due to invaders) was 

only ~3 weeks [6, 7].  Several efforts are therefore underway to develop detection/identification 

[8-10] and mitigation [11-15] strategies to deal with pest invasions.  But upon reviewing the current 

state-of-the-art for monitoring algal cultures, Havlik et al. [16] note that the contamination 

monitoring techniques currently available (including optical microscopy, flow cytometry, and 

qPCR) are all offline methods.  These require laboratory access and the participation of skilled 

support staff for routine operation.  Moreover, these techniques are not extensible to the rapid, 

broad area coverage sought by the agricultural community.  Toward filling this need, the traditional 

farming community is turning to the use of precision agriculture, incorporating remote 

spectroradiometric sensing data acquired by multispectral and hyperspectral instruments deployed 

on airborne platforms [17].  These instruments rely upon exploiting biomarkers associated with 

the state of health of land crops.  Because the various wavelengths of downwelling light are 

differentially absorbed and reflected depending upon the physical and chemical properties of the 

crops, these properties can be assessed by appropriately interpreting the reflected light.   

 



Anticipating that such remote sensing platforms will eventually be applied to the commercial-scale 

culturing of algae, we have worked to extend spectroradiometric monitoring to the quantitative 

assessment of algal cultures, first by tracking the pigment optical activity and biomass of 

laboratory cultures [18], and soon after demonstrating these same capabilities on a pair of outdoor 

algal ponds [19].  During one of our early outdoor demonstrations, we observed the appearance of 

a long-wavelength absorption feature concurrent with an unanticipated invasion by amoeba [20], 

a feature consistent with the emergence of chlorophyll catabolites resulting from protist activity 

[21].  Our initial observation of this feature was followed by similar ones, which led to the work 

we report here on assessing spectral biomarkers for two common pests: (1) diatoms, invasive 

competitors of a variety of algae including the Nannochloropsis and Microchloropsis species, and 

(2) Poteriochromonas, a known grazer of various algal species including Chlorella.  The 

identification and characterization of these biomarkers is an important first step that will enable 

remote sensing to provide early, low-cost, functional detection of a variety of algal pests without 

a priori knowledge of the pest as required by state-of-the-art sequence-based methods (e.g., 

qPCR).  

 

In reporting our original laboratory assessment of spectroradiometric monitoring [18], we 

reviewed prior efforts to measure and model water-body reflectance, several of which were heavily 

drawn upon in the embodied sensing approach.  Since that publication, several additional efforts 

have been reported toward analyzing active (i.e., non-dewatered) cultures, starting with Murphy 

et al. [22, 23], who demonstrated the assessment of biomass from prepared biofilms and bulk 

cultures using the three-band spectral images acquired by a conventional RGB camera.  Shao et 

al. then reported on the use of hyperspectral imaging to detect changes in microalgae associated 



with the presence of pesticides [24].  Dupetti et al. reported the measurement of biomass and 

pigments from hyperspectral reflectance data [25], and Martinez-Guijarro et al. described 

measurement of biomass based on spectrally resolved absorption measurements [26].  All these 

recent studies have implemented data-driven regression models (e.g., via partial least squares) to 

derive extracted parameters (e.g., biomass) from the observed spectral changes.  In contrast to 

relying upon data-driven analyses, we have invoked a physics-based analysis, heavily leveraging 

the semi-analytical modeling methods that have been developed by the oceanography community 

over the past several decades [27].  These semi-analytical models extract the inherent optical 

properties (in units of m-1) of the culture’s wavelength-dependent absorption and backscatter 

spectra.  Importantly, because these properties are of the culture, and thus independent of the 

measurement geometry, quantifiable relationships determined in the lab are directly applicable to 

measurements made in the field and are scalable to other deployment geometries, including drones 

or satellites. 

 

In this paper, we extend spectroradiometric monitoring method previously developed for 

quantifying algal biomass to predict the relative abundances of a common competitor and grazer 

found in outdoor algal cultures.  Specifically, we describe methods to model the optical signatures 

arising from diatoms and protists in outdoor cultures of N. oceanica and C. vulgaris, respectively.  

Culture scattering and absorption properties have been observed to be modified by the presence of 

predators [28], pathogens [29, 30], stress [31], and starvation [32].  However, these modifications 

have not previously (to our knowledge) been exploited for the assessment of culture state-of-

health.  The relative strength of these signatures is compared to microscopy and sequencing 

analysis.  Following up our field detection of diatoms is our subsequent laboratory study, in which 



we assess the detection of diatoms on beaker-contained mixtures of Microchloropsis salina with 

Phaeodactylum tricornutum, Thalassiosira weissflogii and Thalassiosira pseudonana 

respectively, providing additional evaluation of the sensitivity and specificity of detecting pond 

competitors. 

 

2. Materials and Methods 

 
2.1. Outdoor Cultivation   

Outdoor algal culture was performed at the Arizona Center for Algal Technology and 

Innovation (AzCATI) in four open open-raceway ponds (~1000 L operating volume) equipped 

with paddlewheels for mixing.  N. oceanica (KA32) and C. vulgaris (LRB_AZ_1201) were 

grown as part of a large unified field study to compare algal performance under different 

harvesting strategies at multiple sites. A complete description of the ATP3 Testbed and the 

Unified Field trials can be found elsewhere [5, 33]. In brief, ponds were intended to be 

biological replicates and were inoculated at a density of 0.05 g/L. Paddlewheel speed was 7.25 

RPM with on-demand CO2 sparging at 5 L/min based on pH.  Nutrients were added on M-W-

F during the experiment.  A harvesting strategy of 75% once per week, resulting in an average 

daily dilution rate of 0.11 per day, was conducted for Pond 9. Harvesting strategies of 50% and 

70% three times per week resulting in average daily dilution rates of 0.214 for Ponds 11 and 

12) and 0.3 for Pond 14.  pH, conductivity, temperature, dissolved oxygen, salinity and PAR 

were measured every 15 min using a YSI data logger (Model 5200A-DC, Yellow Springs, 

OH), while grab samples were collected every day for manual OD, AFDW, nutrients and pH 

measurements and every 1-3 days for molecular sequencing and microscopy.  

 



 

2.2. Laboratory Culture 

Laboratory cultures of M. salina (CCMP1776, Bigelow National Center for Marine Algae and 

Microbiota)) were maintained in ESAW medium [34] (supplemented with 44.8 uM phosphate 

(2X) and 1.65 mM nitrate (3X)) without silicate. Laboratory cultures of P. tricornutum 

(CCMP632, T. weissflogii (CCMP1336, and T. pseudonana (CCMP1335) diatoms were 

maintained in the same modified ESAW medium, described above, with the addition of 1.06 

x 104 silicate. Microalgal cultures were cultivated in a benchtop orbital shaker at 150 rpm’s at 

room temperature (~22 °C), and with an average light intensity of ~100uM M. salina and 

diatom cultures were mixed at the appropriate dilution volumes prior to measuring their 

reflectivity.  

 

2.3. Microscopy 

Brightfield microscopy to screen for contaminating species in outdoor pond cultures was 

performed on Mon- Wed- Fri on a n upright microscope (BX-52, Olympus Corporation, Center 

Valley, PA) under 40x magnification.  A 50mL sample was taken from the pond up to 60 min 

after dawn and from there the sample was prepared by pipetting 8 uL onto a hemocytometer.  

The sample was examined by a trained microscopist and several contaminant categories 

(flagellates, amoeba, ciliates, diatoms, and Poteriochromonas) were identified and enumerated 

based on their distinctive morphology.  Counts from two fields of view were averaged and then 

the result multiplied by the appropriate dilution factor to determine the average number of each 

contaminant category in organisms per ml (N=2). 

 



2.4. Spectroradiometric monitoring 

Spectrally resolved reflectivity data were collected in the field using three multi-channel fiber-

coupled Jaz spectrometers (JAZ-EL350, Ocean Optics, Largo, FL), providing a total of seven 

optical channels: a downward-looking channel for separately monitoring each of six ponds, 

respectively, along with an upward-looking channel monitoring the downwelling irradiance.  

A bare optical fiber constituted each downward-looking channel, while the upward-looking 

fiber was terminated into a diffusing optic to provide full-field (180o) collection of the 

downwelling light.  The channel-specific integration time was set to 5-10 ms based on the 

throughput of each channel, and 1000 spectra were averaged for each acquisition, with spectral 

data recorded every 5 min.  Additional details pertaining to light collection, instrument 

calibration, and temperature control are previously published[19], but with two notable 

improvements.  Instead of positioning the downward-looking fibers to collect light normal to 

the water surface, they were angled at approximately 30o from normal and opposite to the 

direction of the sun to minimize instrumental self-shading and the collection of water-surface 

glint.  Also, the laboratory-grade optical fibers used in our initial outdoor demonstration were 

replaced with premium-grade 100-µm diameter fibers, jacketed with silicone-coated steel 

monocoils (QP-100-X-VIS-NIR series, Ocean Optics, Largo, FL), effectively eliminating the 

cladding light leakage noted in prior work.  Although the spectroradiometric monitoring 

system could effectively monitor six ponds simultaneously, data is only being reported here 

for four of the ponds due to probe fouling/probe failure in two of the ponds which rendered the 

data incomplete for those ponds.   

 



Spectrally resolved reflectivity data of M. salina and diatom mixtures were collected in the 

laboratory using a dual-channel spectrometer arrangement similar to previously published[18].  

Laboratory cultures of M. salina and diatoms were mixed at appropriate linear and log-log 

scale dilutions to measure their reflectivity. Both M. salina and diatom cultures were diluted 

at an OD 0.1 at 750nm in their appropriate medium as described above. Linear scale dilutions 

(0, 20, 40, 50, 60, 80, and 100% diatoms) and log-log scale dilutions (0.1, 0.2, 0.5, 1, 2, 5, 10% 

diatoms) were mixed thoroughly in a 100mL beaker at a total volume of 50mL with a culture 

depth of 3cm. A dual-channel Jaz spectrometer (JAZ-EL350 Ocean Optics, Largo, FL) was 

equipped with two 100-um diameter fibers jacketed with silicone-coated steel monocoils 

(CPATCH-4846756 100umVIS/NIR, Ocean Optics, Dunedin, FL). Cultures were illuminated 

using a halogen bulb (Ecosmart™, 53W/120V) approximately 18 inches from the sample. 

Similar to the outdoor configuration, the downwelling fiber pointed toward the bulb and was 

equipped with a cosine corrector and the upwelling fiber pointed toward the culture at an ~ 30-

degree angle. The entire system (light source, spectrometer and sample) were placed in a 

covered enclosure during measurement to prevent influence of fluorescent room lights. Spectra 

were acquired via Spectra Suite software (Ocean Optics, Largo, FL).  Spectral acquisition 

parameters for the upwelling integration time, downwelling integration time, and number of 

scans averaged were as follows:  Phaeodactylum tricornutum-200 ms, 40 ms, 100; 

Thalassiosira weissflogii- 250 ms, 40 ms, 100; Thalassiosira pseudonana- 250 ms, 40 ms, 100. 

For each concentration, four replicate spectra were averaged (N=4). Calibration files were 

taken under the same illumination using a spectralon target and a beaker filled with water to 

estimate the bottom surface reflection (50mL total volume at a culture depth of 3cm). 



Calibration upwelling measurements were taken at 20ms and downwelling measurements were 

taken at 100ms.  All measurements were the average of 100 scans.   

 

 

2.5. Spectral Analysis  

Reflectance spectra acquired on the outdoor raceway ponds were analyzed using the semi-

analytical model described by Reichardt et al. for interpreting outdoor reflectance spectra of 

green algae and cyanobacteria [19].  Here the reflectance is computed from the inherent 

absorption a(λ) and backscatter bb(λ) of the culture, with the absorption spectral shape defined 

by the scatter-free absorption spectrum, and the spectral shape of the backscatter approximated 

as the scaled Hilbert transform of the culture absorption spectrum with a wavelength-

independent vertical offset.  Additional parameters in the reflectance model account for the 

Chl-a fluorescence and the water-surface reflection of sunlight and skylight. The 

spectroradiometric data is acquired as a time series during outdoor cultivations, thus technical 

replicates are not available. The four raceway ponds are nominally biological replicates, 

however, their growth behaviors diverged from each other over the span of the cultivation 

cycle.  We chose to plot them as independent time series rather than the average of four 

measurements in order to demonstrate this measurement can capture and track these 

differences.    

 

To enable a statistically relevant assessment of pest detection a straightforward change 

detection algorithm was implemented.  The average and standard deviation of the pest 

absorption was calculated during the first 24hrs of monitoring. The average value was 



designated as the baseline pest signal and 3x the standard deviation of the baseline signal was 

designated at the threshold for detection of pest signal. Two metrics were designated from 

these analyses: first signal and sustained signal.  The first signal is the time point at which the 

absorption of the pest was greater than the threshold for a minimum of 5 consecutive 

measurements (~25 min).  The sustained signal is the time point at which the absorption of the 

pest was greater than the threshold for 25 or more consecutive time points (~ 2hrs). 

 

Reflectance spectra acquired in the laboratory were analyzed using another semi-analytical 

model, one specifically accounting for the reflection contribution from the bottom surface 

which are necessary in laboratory data.  This model, originally intended for interpreting 

hyperspectral remote sensing of shallow waters [35], has been demonstrated suitable for 

interpreting laboratory cultures in prior work [18].  Compared to the model described by 

Reichardt et al. [18], our current analysis uses the updated modeling coefficients provided by 

[36].  Also, rather than using a generic algal backscattering spectrum as described by Reichardt 

et al. [18] it treats backscatter in a manner identical to the analysis of outdoor reflectance 

spectra – approximating the spectrum as the scaled Hilbert transform of the culture absorption 

spectrum with a wavelength-independent vertical offset. The results of four replicate spectra 

were averaged for each concentration (N=4). 

 

2.6. Library preparation and sequencing 

50 mL samples obtained from the ponds were harvesting by centrifugation, resuspended in 

RNALater (Qiagen, Valencia, CA, USA), stored overnight at 4 deg C followed by storage at -20 

deg C.  Samples were shipped on wet ice for sequence analysis.   The amplicon sequencing 



libraries of the hypervariable 4 region (V4) of the Small Subunit Ribosomal RNA gene 

(SSUrRNA) were prepared using a two-step PCR method.  The first reaction utilized the 

TAReuk454_F-illum primer (TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG 

[CCA GCA SCY GCG GTA ATT CC]) and TAReukREV3-illum primer (GTC TCG TGG 

GCT CGG AGA TGT GTA TAA GAG ACA G [AC TTT CGT TCT TGA TYR A]) and 

conditions described by Stoek et al. [37].  PCR products were cleaned and concentrated to 20 

µL using a Zymogen DNA Clean & Concentrator kit (Zymo Research, Irvine, CA).  A second 

round of PCR was performed to add Illumina-specific sequences. The second PCR 

amplification was carried out on 2.5 µL of V4 amplified DNA product from the first PCR 

reaction along with 12.5 µL of Failsafe Buffer E (VWR, Philadelphia, PA), 0.25 µL of Failsafe 

Enzyme (VWR, Philadelphia, PA,), 4.75 µL nuclease free water, 2.5 µL of the octonucleotide 

Illumina primer 1, and 2.5 µL of the octonucleotide Illumina primer 2.   

 

PCR products were cleaned and concentrated to 20 µL using a Zymogen DNA Clean & 

Concentrator kit and quantified using a Quant-iT dsDNA Assay Kit (Invitrogen, Carlsbad, CA) 

and 50 ng of each of 96 samples were combined to form the library for sequencing.   The 

denatured library was diluted to 6 pM in HT1 buffer (Illumina, San Diego, CA) and mixed 

with 10% PhiX (6 pM) and sequencing was performed with a 300-cycle paired-end kit on an 

Illumina MiSeq. The denatured library was diluted to 6 pM in HT1 buffer (Illumina, San Diego, 

CA) and mixed with 10% PhiX DNA (6 pM). 

 

2.7. Bioinformatics Analysis 



The analysis of the DNA sequencing libraries was carried out using custom bash scripts 

connecting different steps of analysis. The initial step, pairing of the paired reads, used Paired-

End reAd mergeR (PEAR) [38], which was followed by quality filtering by a bbduk [6][6]. 

Quality filtering involves the removal of bad quality reads, the ends of the reads which have 

suboptimal quality, and primer sequence reads from the datasets. After this, all sample reads 

passing the quality filter were subject to a dereplication processes using USEARCH [39, 40].  

Operational taxonomic unit (OTU) clustering was carried out on the dereplicated dataset using 

USEARCH [39], with OTUs comprised of sequences achieving 97% similarity clustered. The 

Silva database was used to identify the sequences. Using USEARCH program we mapped all 

reads from samples to OTU sequences to assess the abundance of each OTU per sample and 

represented as OTU table. This information was used further to assess the abundance of 

contaminant of interest.  

 

3. Results and Discussion 

3.1 Diatom invasion of N. oceanica  

The outdoor cultivation of N. oceanica experienced a naturally occurring invasion by diatoms 

in all four monitored ponds, with the impact of diatom presence on the Pond 14 reflectance 

first noted on July 14th.  Identifying the presence of diatoms in N. oceanica relies upon distinct 

differences in absorption features.  Figure 1 compares two Pond 14 reflectance spectra, both 

acquired at 9 AM, one on July 6th (pre-invasion) and the other on July 19th (post-invasion), 

with both spectra exhibiting similar absorption by N. oceanica.  The post-invasion reflectance 

spectrum acquired on July 19th displays a broader, red-shifted visible reflectance feature with 

a peak at 565 nm, compared to the pre-invasion visible reflectance feature with a peak at 557 



nm.  It is primarily this broadened, red-shifted visible peak that serves to indicate the presence 

of diatoms in the pond [41]. A similar shift is evident in data from all the ponds post-invasion 

and would be expected to be similar for most species of diatoms. 

 

We analyzed spectroradiometric data acquired from the four ponds over the temporal span of 

N. oceanica cultivation.  The scatter-free absorbance spectrum for M. salina served well to 

compute the absorption by N. oceanica, while we used the smoothed absorption spectrum 

presented by Nair et al. (2008) to approximate absorption by diatoms [42].  Figure 2 displays 

the temporal variation of absorption by N. oceanica and diatoms for all four monitored ponds.  

Although, these four ponds are nominally biological replicates, we have chosen to plot the 

data independently in order to capture the different temporal behavior that was observed.  

Table 1 summarizes the analysis of the change in diatom absorption values over the baseline 

diatom absorption determined from the first 24 hrs of evaluation. The time points shown in 

Table 1 are also indicated on Figure 2 as single asterisks (diatom arrival) and double asterisks 

(sustained diatom presence). Interestingly, analysis of the reflectance data effectively 

distinguishes the diatom arrival date for each pond (e.g. Pond 9 and 11 show diatom arrival a 

few days prior to Pond 12 and 14), demonstrating the potential for spectroradiometrically 

tracking the pond-to-pond migration of algal pests. 

 

Bright field microscopy and sequencing data from the same ponds over the same date range 

are shown in Figure 3 and Figure 4. These data were acquired from grab samples taken every 

1-3 days, changing to the higher sampling frequency (daily) after the first visible appearance 

of cultivation anomalies (browning, clumping, etc.).  This sampling strategy is commonly 



employed in algae culture.  In general, data collected by these methods agree qualitatively 

with the pond-specific results of the spectroradiometric analysis, however, the 

spectroradiometric data is of finer temporal resolution. Microscopic investigation indicates 

Ponds 11 and 12 had the earliest observation of diatoms, roughly sometime between July 9th 

and 11th, while Ponds 9 and 14 did not show significant contribution from diatoms until July 

16th and 17th, respectively (Figure 3, upper panel).  A light microscope image taken from Pond 

11 on July 17th shows the level of diatom contamination as severe (Figure 3, lower panel). 

The exact date of appearance is difficult to estimate because of the interval with the ponds 

were sampled. Note: Pond 9 does display a low level of diatom counts starting on July 9th that 

remains relatively unchanged through July 15th. This was also observed in the 

spectroradiometric data as a non-flat diatom contribution beginning on July 4th.   Similarly, 

datasets from sequencing libraries derived from Ponds 11 and 12 to have the highest relative 

abundance of diatoms reads, specifically Amphora coffeaeformis. A. coffeaeformis 

morphology is consistent with the light microscope results in Figure 3. The temporal 

patterning of the amplicon sequencing data varies somewhat as compared to microscopy and 

spectroradiometric results (Figure 4).  An example of this can be seen in Ponds 11 and 14.  

Amplicon sequencing dataset from July 14th on these data contained few reads that mapped 

to diatoms even though the datasets from libraries derived from samples taken before and after 

show a significant relative abundance of reads mapping diatoms.  

 

3.2 Detection of diatom presence in laboratory cultures of M. salina.  

A dilution study was performed in the laboratory to assess the detection sensitivity for 

detecting identifying diatom presence in algal cultures. A controlled laboratory study was 



intended to serve as a surrogate for a large-scale outdoor demonstration which was cost-

prohibitive and carried contamination risks to other ponds on site.  M. salina CCMP 1776 was 

chosen due to its relevance in the field as model algal strain as well as its reflectance similarity 

to N. oceanica KA32. Three diatoms, P. tricornutum, T. pseudonana, and T. weissflogii, were 

titrated at various volumetric ratios into the M. salina cultures and the reflectance spectra 

measured.  Figure 5 presents the predicted vs. calculated fraction of diatoms and shows a 

mostly linear correlation throughout the concentration range for T. pseudonana.  A reduction 

from linearity was observed for the diatom:algae fractions > 0.80 for T. weissflogii and P. 

tricornutum. From these results the sensitivity for detecting T. pseudonana, T. weissflogii, P. 

tricornutum diatoms in M. salina cultures is 3.5%, 16.7% and 16.3%, respectively. The poorer 

sensitivity for T. weissflogii and P. tricornutum results from the nonlinearities observed in the 

fits for those organisms. This should be considered a best-case scenario because detection in 

the field could be hindered by confounding signals from other factors including additional 

species in the pond.  

 

 

3.3 Poteriochromonas grazing of chlorella  

The July-August cultivation of C. vulgaris experienced crash of all four monitored ponds 

shortly after inoculation with none of the ponds ever reaching the desired density to harvest. 

The phagotrophic phytoflagellate, Poteriochromonas, was identified via microscopic analysis 

of morphology and behavior and persisted in high abundance in the cultures.   Figure 6 exhibits 

the distinct impact upon the reflectance spectrum from Pond 14 due to grazing, displaying 

reflectance spectra acquired only a day apart, both at 9 AM, on August 1st and August 2nd, pre- 



and post-invasion, respectively.  The post-invasion spectrum exhibits a considerable decrease 

in the distinct ~730 nm reflectance peak apparent in the pre-invasion culture.  This reflectance 

peak results from the lack of absorption by either C. vulgaris or water in this near-infrared 

wavelength region (700-740 nm), but as grazing forms chlorophyll catabolites, their increased 

concentration effectively absorbs light in this spectral region and thus decreases the relative 

magnitude of this feature. 

  

Like the evaluation of N. oceanica cultivation described above, we analyzed 

spectroradiometric data acquired from these same four ponds during a different timeframe 

culturing C. vulgaris via the semi-analytical reflectance model and these results are shown in 

Figure 7.  For input to the model, the scatter-free absorbance spectrum for C. vulgaris was 

measured with a Perkin-Elmer Lambda 850 spectrophotometer (Walthan, Massachusetts, 

USA) equipped with an integrating sphere.  Absorption by catabolites was approximated as a 

Gaussian feature centered at 708 nm with a 15-nm standard deviation, consistent with the 

absorption feature reported by Vernet et al., and which the authors hypothesized to be due to a 

chlorophyll degradation product [43].  Although these four ponds are nominally biological 

replicates, we have chosen to plot the data independently in order to capture the different 

temporal behavior that was observed. As with our analysis of the diatom invasion, 

spectroradiometric monitoring of protist activity effectively distinguishes pond-specific 

creation of chlorophyll catabolites with high temporal resolution. The results of an analysis of 

the change in catabolite absorption values over the baseline values determined from the first 

24 hrs of evaluation are summarized in the bottom part of Table 1 and indicated on Figure 7 

as single asterisks (arrival of catabolite absorption) and double asterisks (sustained catabolite 



absorption).  Pond 9 displaying significant growth of the feature throughout the afternoon 

hours of August 1st, 3-18 hrs before the feature becomes sustained in the other ponds. 

 

Bright field microscopy and sequencing data from the same ponds are shown in Figure 8 and 

Figure 9. These data were acquired from grab samples taken every 1-3 days.  Microscopic 

investigation indicates all four ponds began showing low levels of contamination by 

Poteriochromonas on August 1st (Figure 8).   This increases to a significant level by Aug 4th, 

the next day microscopy was performed.  Although not shown, moderate levels of ciliates and 

flagellates were also noted in the ponds from the microscopy (data not shown).  In contrast, 

amplicon sequencing results do not find significant abundance of Poteriochromonas in the 

ponds until Aug 5th for Pond 9 and Aug 4th for Ponds 11 and 12 (Figure 9). When ponds are 

quite unhealthy, it is noted that the number of reads attributable to Chlorella and 

Poteriochromonas are much decreased and up to ~50% of the ponds are attributable to 

additional species. This is particularly evident for Ponds 11 and 12 from the Aug 4 and 5th.  

Pond 14 never shows high abundance of Poteriochromonas in the sequencing data, even 

though the spectral response is consistent with presence of a grazer and the microscopy 

indicated Poteriochromonas was present at similar levels in all ponds. 

 

3.4 Impact of early detection 

Early detection of algal pest presence will enable earlier treatment (e.g., via the methods 

described in [44-49]), benefitting algal farmers by requiring lower doses of treatment, 

improved outcome to treatment, and mitigation of potential pests prior to spreading.  The 

results in Table 1 indicate the pond-specific temporal response is highly variable, but also 



highlight the short window in which treatments might be most effective. For example, Pond 

12 showed sustained diatom contribution from the time of first appearance, where as Pond 14 

exhibited a 7-day window of low level, transient diatom absorption prior to transitioning to a 

sustained presence.  

 

If pond treatment is not feasible, early detection will still be beneficial because an assessment 

of the relative benefits of an early harvest (prior to reaching the desired algal density, 

potentially saving biomass) vs. a drain and reset approach where biomass is not utilized can 

be weighed and a decision made quickly. This effectively reduces the mean time between 

failure and reset, ultimately increasing annual productivity. 

 

4. Conclusion 

We have demonstrated spectroradiometric detection of both grazers and competitors based on 

optical signatures.  This demonstration broadens the application of spectroradiometric monitoring 

beyond the prior assessment of biomass and pigment optical activity, enabling the more general 

on-line assessment of culture state-of-health.  Compared to sampling-based methods, 

spectroradiometric monitoring exhibits intrinsic advantages: it does not require either an on-site 

laboratory or skilled support staff.  Spectroradiometric monitoring is inherently a non-contact 

method, and thus avoids the system contamination that submersed tools can experience even under 

moderate use [50].  Also, with spectral analysis relying upon a physics-based model, rather than 

on a data-driven approach, we do not need to train the sensor for detecting the presence of each 

potential culture component.  Rather, the approach requires only the absorption and (if applicable) 

fluorescence properties be known for transferability to additional algal species and/or invaders.  



  

The potential advantages of spectroradiometric monitoring become ever more evident upon 

considering the extension to future algal factory farms.  One such vision of large-scale algal 

farming is provided by White and Ryan, who describe an array of outdoor raceway ponds operated 

as semi-continuous cultures [51].  While our demonstration of spectroradiometric monitoring has 

thus far been limited to instruments deployed in a fixed-staring configuration, other embodiments 

of our method could be well-matched to such large-scale farming – specifically, by deploying a 

lightweight spectrometer on an agricultural drone, which could periodically inspect an array of 

raceway ponds.  There have been many such demonstrations of drone-based spectrometers in 

recent years [52-57].  It is also worth noting that our physics-based data analysis enables 

accounting for the impact of most variables (e.g., sun glint, water bottom visibility) that often 

confound interpretation of reflectance spectra, as recently reviewed by Zeng et al [54].  While 

shadows (resulting from, e.g., instrument self-shading) can be expected to challenge the data 

analysis [58-63], we anticipate that shadowed areas can be reasonably avoided with any mobile 

aerial sensor. 
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9. Figure Captions 

Figure 1: Comparison of reflectance spectra from days of low and high contamination of N. 

oceanica ponds by diatoms.  Spectra were from Pond 14 at 9 AM on 7/6 (green trace, no 

contamination from diatoms) and at 9 AM on 7/19 (blue trace, significant contamination 

from diatoms). 

Figure 2: Results from spectroradiometric analysis of four replicate mini-raceway ponds 

culturing N. oceanica over a period of 18 days. Gray arrows indicate pond harvests.  Pond 9 

was harvested 75% one time per week with an average daily dilution rate of 0.11 per day. 

Ponds 11, 12, and 14 were harvested 50% and 70% three times per week (resulting in 

average daily dilution rates of 0.214 (Pond 14) and 0.3 (Pond 11 & 12), respectively. Data 

from the four ponds are plotted as independent time-series to capture the biological variation 

that occurred throughout the cultivation period.  Ash-free dry weight values are included for 

reference on the right axis. The thin gray horizontal line indicates the baseline level of diatom 



absorption calculated as the average of the first 24 hrs of data.  A single asterisk represents 

the time point at which the diatom absorption first appeared and a double asterisk represents 

the time point at which the diatom absorption was sustained.  

Figure 3: Bright field microscopy results from four mini-raceway ponds culturing N. 

oceanica. A. Comparison of average diatom counts/ml as determined by brightfield 

microscopy and B. Representative brightfield image from Pond 12 on July 17th 

demonstrating high level of diatom contamination.  Note: Error bars are not easily visible for 

standard deviations smaller than 0.01. 

Figure 4: Amplicon sequencing results from four mini-raceway ponds culturing N. oceanica. 

Figure 5: Results from spectroradiometric analysis of laboratory mixtures of M. salina and 

three diatoms, Phaeodactylum tricornutum, Thalassiosira pseudonana, and Thalassiosira 

weissflogii. Data points represent the average of four spectral measurements (N=4). Error 

bars represent standard deviations.  Note: Error bars are not easily visible for standard 

deviations smaller than 0.01. 

Figure 6: Comparison of reflectance spectra from two subsequent days pre- and post-

contamination of C. vulgaris ponds by Poteriochromonas.  Spectra were from Pond 14 on 

8/01 (green trace, no contamination from Poteriochromonas) and 8/02 (blue trace, significant 

contamination from Poteriochromonas evident in the 700-740 nm spectral region). 

Figure 7: Results from spectroradiometric analysis of four replicate mini-raceway ponds 

culturing C. vulgaris over a period of 10 days.  Biomass never achieved sufficient density to 

perform harvests. Data from the four ponds are plotted as independent time-series to capture 

the biological variation that occurred throughout the cultivation period. Ash-free dry weight 

values are included for reference on the right axis. The thin gray horizontal line indicates the 



baseline level of Poteriochromonas absorption calculated as the average of the first 24 hrs of 

data.  A single asterisk represents the time point at which the Poteriochromonas absorption 

first appeared and a double asterisk represents the time point at which the Poteriochromonas 

absorption was sustained.  

Figure 8: Bright field microscopy results from four mini-raceway ponds culturing C. 

vulgaris. A. Comparison of average Poteriochromonas counts/ml during cultivation. B. 

Representative brightfield image taken from on August 1. Poteriochromonas cells are 

indicated by the white arrowheads.  Note: Error bars are not easily visible for standard 

deviations smaller than 0.01. 

Figure 9: Amplicon sequencing results from four mini-raceway ponds culturing C. vulgaris. 



  First signal 
Date/time 

Sustained signal 
Date/time   

Diatoms in N. 
oceanica Ponds 

P9 4-Jul 10:37 4-Jul 15:58 
P11 4-Jul 8:33 9-Jul 8:33 
P12 7-Jul 10:17 7-Jul 10:17 

P14 7-Jul 8:38 14-Jul 8:32 

Poteriochromonas 
in C. vulgaris 

Ponds 

P9 30-Jul 9:12 1-Aug 12:57 
P11 29-Jul 9:22 2-Aug 8:37 
P12 29-Jul 9:22 2-Aug 8:37 
P14 29-Jul 9:37 1-Aug 15:47 

 

Table 1:  Summary of appearance of pest signal. First signal is indicated when signal was present at 3x 
the standard deviation of the baseline pest levels for a minimum of 25 min. Sustained signal is indicated 
when signal was present at 3x the standard deviation of the baseline pest signal for > 2 hrs. 
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