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We tested the consistency and accuracy of flat-plate spectral measurements
(400–1000 nm) of the marine macrophyte Ulva curvata. With sequential addition of Ulva thallus layers, the reflectance progressively increased from 6% to 9%
with six thalli in the visible (VIS) and from 5% to 19% with ten thalli in the
near infrared (NIR). This progressive increase was simulated by a mathematical
calculation based on an Ulva thallus diffuse reflectance weighted by a transmittance power series. Experimental and simulated reflectance differences that were
particularly high in the NIR most likely resulted from residual water and layering structure unevenness in the experimental progression. High spectral overlap
existed between fouled and non-fouled Ulva mats and the coexistent lagoon mud
in the VIS, whereas in the NIR, spectral contrast was retained but substantially
dampened by fouling.

1.

Introduction

The successful use of remote sensing for mapping marine macrophytes is based on
maximizing their spectral contrast within their surroundings (Brockmann and Stelzer
2008). Accounting for illumination and atmospheric factors and sensor characteristics (e.g. Dekker et al. 2005), spectral contrast is estimated from the reflectance of the
macrophyte relative to that of the surrounding materials. For this purpose, an extensive library of macrophyte reflectance has been catalogued by ratioing the illumination
reflected from and the illumination impingent on leaves and algal thalli often layered on a black support (e.g. Blackburn 1999, Fyfe 2003, Dekker et al. 2005, Kutser
et al. 2006, Vahtmäe et al. 2006). Even though a black support and sufficient layers efface background contributions (Blackburn 1999, Fyfe 2003), without correction
(Lillesaeter 1982, Major et al. 1993), reflectance additions from progressive layers can
reduce the accuracy and reproducibility of the obtained reflectance. In addition, spectral contrast between the macrophyte and the surrounding substrate can be reduced
with ‘exposure’ at low tide when materials that were suspended in the water column
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settle onto the macrophyte in a process known as fouling (Malta et al. 2003, Kutser
et al. 2006). Not correcting for sequential additions from layered recordings and not
accounting for lowered contrast due to fouling could hinder sample-to-sample comparability, and thereby the mapping performance (e.g. Dekker et al. 2005), and constrain
the assessment of macrophyte condition (e.g. Malta et al. 2003, Kutser et al. 2006).
To demonstrate the increased reflectance magnitude with the addition of thalli
layers and decreased spectral contrast due to fouling, we performed two spectral experiments on the bloom-forming macrophyte, Ulva curvata (hereafter Ulva). First, we
compared reflectance values from field-collected, thalli samples incrementally layered
on a flat plate to a mathematical simulation. Second, we illustrated the influence of
fouling on discrimination of exposed Ulva mats from typical lagoon mud.
2. Methods
Field reflectance measurements of two Ulva mat (summer) and two lagoon mud samples were obtained in September 2007 along an inland tidal bank exposed at low tide
(figure 1, near Oyster Harbor, Virginia). Ulva (winter) samples used in the flat-plate
experiment were collected in January 2008. Winter samples were kept wet and aerated under cool conditions until spectral measurements were made (within 2.5 days of
sample collection).
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Figure 1. Our study area in the back-barrier lagoons in the Delmarva Peninsula, shown by the
black rectangle (figure adapted from http://www.vcrlter.virginia.edu/gisimages.html).
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Figure 2. Ulva thalli stretched out on top of one another. Recordings started with 1 thallum
and incrementally continued up to 12 thalli layers. Sensor instantaneous field-of-view (IFOV)
depicted as a black square.

2.1 Spectral equipment and measurement setup
For spectral measurements, we used a radiometer with the 15◦ field-of-view (FOV)
attachment (Spectron Engineering Inc. n.d., Ramsey and Rangoonwala 2004, 2005).
The radiometer measures and records radiant light energy from 400 to 1100 nm in 252
bands centred every 2.6 nm and each with a 10 nm bandwidth (Markham et al. 1995).
The radiometer aperture was positioned at nadir directly above the plate centre by
using a plum bob (figure 2). At 57.5 cm above the plate, the best FOV reproduction was
a 13.5 cm × 13.5 cm square (based on Woebbecke et al. (1994)) (figure 2). Replicate
recordings were taken of the plate and a sample on the plate in order to calculate
means and propagation of error estimates.
2.2 Flat-plate construction and reference calculation
Two near-zero-reflectance metal plates were constructed by spraying with multiple
coats of ultra flat black paint (Lillesaeter 1982). Recordings from dry and wet (fine
mist of water) plate surfaces were averaged for winter sample measurements. Reference
spectra were constructed from light intensities from a 17% Kodak (Eastman Kodak
Company, Rochester, NY, USA) grey card placed on the black plate in the same orientation and placement used for sample measurements. The reference spectra were used
to transform the sample recordings to reflectance estimates.
2.3 Measurements of exposed Ulva mats and mud samples
In September 2007, spectral recordings of two Ulva mat samples containing considerable fouling were conducted to simulate sensor recordings of exposed Ulva mats
during low tide. Mat samples were collected intact and without disturbance to the
mat layering structure. On collection, the intact Ulva thalli (mats) were laid on the
plate and spectral measurements obtained (figure 3(a)). Subsequently, the mats were
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Figure 3. (a) Ulva mat field sample with fouling, collected intact from an exposed bank.
(b) The same mat rinsed to remove fouling and then repositioned on the plate. (c) Typical lagoon
mud sample.

rinsed to remove fouling and repositioned on the plate in a fashion generally replicating the original mat structure (figure 3(b)). Spectral measurements were then repeated.
The comparison of non-rinsed and rinsed Ulva was to illustrate the direction and
relative magnitudes of change and not to provide quantitative measures. Spectral
measurements were obtained from the lagoon mud samples collected in the same
area (figure 3(c)). Although the mud sample dewatered somewhat, the mud remained
moist during the spectral measurements. The mud recordings represented the spectral
reflectance of the dominant surrounding materials relative to Ulva occurrences.
2.4 Measurements of layered Ulva thalli
The flat-plate measurement setups were similar to the summer methods, although we
also included theoretical calculations devised for predicting the reflectance and transmittance of leaves from flat-plate recordings (Lillesaeter 1982). The model estimated
the reflected light contribution from sequential thallus layers in a stack of illuminated
layers, viewed from the top of the stack. In solving for the incremental contributions,
the thallus reflectance and transmittance spectra were estimated.
Lillesaeter (1982) showed that the single leaf reflectance (r) obtained from the flatplate measurements can be calculated as
r = r1 − rP t2 ,

(1)
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where r is the inherent leaf reflectance and r1 the leaf reflectance plus light transmitted (t) through the leaf, then reflected from the flat-plate (rP ) and retransmitted back
through the leaf to the sensor. The reflectance asymptote is reached at r∞ = r/(1 – t2 )
(Lillesaeter 1982, Major et al. 1993).
To calculate the theoretical reflectance series, we used Lillesaeter’s (1982) series
expansion of equation (1) for N thallus layers to predict the reflectance as we simulated adding (or subtracting) thallus layers one by one on the plate. Input reflectance
and transmittance spectra obtained from separate diffuse reflectance analyses of winter thallus samples (Ramsey et al. 2012) were input as r and t in the series expansion
of equation (1).
In addition, we performed a physical layering experiment to mimic the mathematical simulation and subsequently performed a delayering experiment for further
validation. During the layering experiment, we added ten thallus samples to the plate
one by one and obtained spectral measurements for each successive stack. Only thallus samples that covered the entire sensor FOV were used (figure 2). Many thallus
samples had noticeably different colouration and did not lay entirely flat on the plate.
In addition, some surface water remained on the layers (increasing the drying time
or towel drying the samples tended to damage them). For the delayering experiment,
the layers added during the previous experiment were removed one by one, and the
spectral measurements repeated as each successive layer was removed. However, the
removal damaged most thallus layers, limiting the useable spectral recordings to
the bottom four undamaged layers.
3. Results
3.1 Flat-plate calibration
The combined reflectance values for the wet and dry black plates averaged 2.4 ±
0.1% (± standard deviation) across the 400–1000 nm visible (VIS) and near-infrared
(NIR) (VNIR represents the combined VIS and NIR defined ranges) spectral ranges.
Replicate errors were about ±0.25%. These mean values and associated errors were
used as the plate standards throughout processing.
3.2 Reflectance of Ulva mat and mud samples
The two Ulva mat samples (both considerably fouled) exhibited similar reflectance
values (figure 4). After removal of fouling by rinsing, the samples exhibited about 0.01
VIS and 0.05 NIR higher reflectance magnitudes than the fouled mats. The reflectance
of the rinsed mats did not change after a 30-min delay. Mud spectra were nearly
constant at 0.04 across the VNIR range (figure 4).
3.3 Reflectance of Ulva thallus samples
Reflectance spectra exhibited a progressive increase with the incremental addition of
thallus layers to the plate (figure 5(a)). The asymptotic maximum was ∼9% with the
addition of six thalli in the VIS (550 nm) and ∼19% with ten thalli in the NIR.
Delayering results were comparable (figure 5(b)). Flat-plate reflectance of a single
thallus not used in the layering experiment and the first thallus layer of the layering
experiments nearly coincided (figure 5(b)).
Although stacking structure influences reflectance (Blackburn 1999), excess moisture was most likely primarily responsible for the damped NIR flat-plate returns. As
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Figure 4. Reflectance spectra of two Ulva mat and lagoon mud samples (see figure 3). Arrows
depict NIR change in unrinsed (solid symbols) and rinsed Ulva mat samples.

stated in §2, moisture on the thalli was permitted because towel drying or extended
air drying increased the likelihood of thalli damage during handling. In contrast to
the physical layering experiment, the mathematical simulation based on the diffuse
reflectance and transmittance of a thallus leaf did not include surface moisture or
structure influences.
The same progressive increase in reflectance was obtained in the mathematical simulation of the layering experiment (figure 5(c)); however, the incremental and total
predicted reflectance spectra were higher than those exhibited in physical layering
series and did not contain a steady decrease above 700 nm that was present in the
physical progression. Likely, the primary cause for the higher reflectance spectra, particularly in the NIR, was the absence of surface moisture as further illustrated in
the difference of the thallus diffuse spectra and first thallus layer spectra of flat-plate
recordings (figure 6). Similar to the physical layering experiment results, the reflectance
asymptotes were reached with around 7 layers in the VIS and greater than 12 layers in
the NIR.
4. Conclusion
As demonstrated by the spectral values derived from two considerably fouled Ulva
mats, fouling can dramatically attenuate thalli reflectance magnitudes. After rinsing, mat reflectance spectra were more aligned with the physical layering experiment
results; however, differences in the mat and physical layering structures prevented
quantitative comparison (Blackburn 1999). The comparison did show high differences
could exist between layered recordings and in situ mat reflectance and it emphasized
that spectral responses obtained from remote-sensing collections of exposed Ulva
mats could be more indicative of plant condition (e.g. fouling, mat layering structure, surface moisture) than plant status. Comparatively, the moist mud reflectance
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Figure 5. Reflectance spectra are depicted after each thallus layer addition (see figure 2).
Numbers denote the thallus layer (e.g. 1 denotes the first layer). (a) Observed spectra from
the sequential addition of thallus layers through layer 10 (‘A’). (b) Observed spectra but with
removal of thallus layers. The dashed line represents a single thallus not used in the layering
experiment. (c) Theoretical reflectance progression predicted by the expansion of equation (1)
(note the scale change in ordinate). The circle symbols denote the asymptotic limit (Lillesaeter
1982).

was spectrally flat and consistent. Within the VIS wavelengths, mud exhibited a high
propensity for spectral confusion with Ulva mats. If Ulva mats were exposed, the level
of spectral confusion in the NIR wavelengths was dependent on the level of fouling.
Fouling promoted Ulva mat confusion with mud.
Both the theoretical simulation and physical layering experiments confirmed that
layered thalli reflectance obtained with flat-plate or similar techniques can exaggerate
the actual reflectance of the macrophyte. Further, both simulations required at least
six and ten thalli layers to achieve asymptotic consistency in the VIS and NIR, respectively, and a comparison of theoretical and physical spectral magnitudes strongly
indicated residual water-attenuated reflectance, especially in the NIR. Even though
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Figure 6. Thallus reflectance obtained from diffuse recordings (Ramsey et al. 2012) and the
first layer thallus flat-plate reflectance.

an Ulva thallus layer placed on the black plate provided a reasonable estimate of thallus VIS reflectance (figure 6, i.e. Lillesaeter (1982)), this study did not substantiate that
capability in the NIR. The layering experiments demonstrated that sample-to-sample
comparability necessary for mapping and monitoring and the creation of spectral
libraries may be achieved with flat-plate and similar techniques only if the methods
of sample preparation and measurement are standardized.
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