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Abstract

We monitored inherent optical properties in a turbid, eutrophic estuary to determine the factors affecting the temporal variability
in water clarity. Time series of absorption and scattering coefficients were measured at 1-h intervals for nearly 2 years. The seasonal
pattern in weekly averaged absorption and scattering coefficients in each year was driven primarily by changes in the particulate
matter of both biogenic and mineral origin. Temporal patterns in particulate absorption and scattering resulted from identifiable

events that differed in relative magnitude between the 2 years: a spring bloom was followed by a transient ‘‘clear-water’’ phase,
followed by increases in non-algal particulate matter to a late-summer maximum, and rapid declines of all parameters in late fall.
Interannual variability in the spring bloom was governed by timing and magnitude of nutrient inputs from the watershed, while

major patterns in summer variability of both organic and inorganic particulate matter appeared to follow the general cycle of
biological activity in the system.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The penetration of light underwater is of fundamen-
tal importance to aquatic ecosystems. The quantity and
quality of underwater light drive photosynthesis by
phytoplankton, benthic algae, and submersed macro-
phytes (Kirk, 1994). Light is required for feeding by
visually orienting predators (Aksnes et al., 2004), and
the visual appearance of a water body is a key factor
in the aesthetic and recreational appeal to humans
(Davies-Colley et al., 1993). Understanding the factors
controlling the variability of optical properties in coastal
waters is important, because changes in the optical
properties of a water body can be both indicators of
stressors such as eutrophication, and can be potential
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stressors to components of the ecosystem, e.g. sub-
merged aquatic vegetation (SAV), that require high light
intensities for survival.

In coastal watersheds worldwide, human population
growth has been increasing at a high rate and has
negatively impacted living resources at many locations
(Richardson and Jørgensen, 1996; Rabalais and Turner,
2001). Many of the processes that threaten estuarine
habitat quality result in detectable changes to the optical
properties of the water. For example, eutrophication
results in increasing frequency and magnitude of
phytoplankton blooms that absorb and scatter light in
spectrally identifiable ways (Gallegos and Jordan, 2002).
Highway construction and certain agricultural practices
increase erosion and delivery of suspended sediments
that increase the scattering and reflectivity of estuarine
waters (Stumpf and Pennock 1989, 1991). Altered flow
paths from wetlands and certain industrial discharges
(e.g. paper mill effluents) increase the concentration of
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colored dissolved organic matter (CDOM) of some
estuaries, greatly increasing the absorption of blue and
ultraviolet light (McPherson and Miller 1987; Gallegos
and Kenworthy, 1996). Thus changes in the optical
properties of estuarine waters are a potentially sensitive
indicator of stressors characteristic of human distur-
bance. Long series of observation, however, are needed
to discern human induced changes from normal seasonal
and interannual variability.

Estuaries are optically complex systems due to the
sources, sinks, and transformations of terrestrially
derived dissolved and particulate matter that mixes with
coastal-derived water that is likewise optically complex
(Davies-Colley et al., 1993). Flocculation of river-borne
clay particles occurs with small increases in salt con-
centration, changing the effective size distribution and
settling rate of suspended solids (Postma, 1967).
Interactions between particulate matter and biological
production also occur on longer (i.e. seasonal) time
scales, resulting in, e.g. co-flocculation of phytoplankton
and inorganic mineral particles (Stross and Sokol, 1989).
A variety of physical (Sanford, 1994) and biological
(Hines et al., 1990) processes operate to resuspend
bottom sediments on a variety of time scales. Such
processes change not only the concentration of optically
active particulate matter in the water column, but also
alter the size-distributions of particulate matter, thereby
affecting the absorption and scattering per unit mass
of suspended solids (Mobley, 1994). Sorting out the
relative timing and magnitude of such influences on
estuarine optical properties is challenging due to the
complexity of processes and difficulty in making the
relevant measurements.

Advances in instrumentation have made it possible to
monitor changes in inherent optical properties of water
bodies (Dickey et al., 1998; Chang and Dickey, 2001),
i.e. those properties that depend only on the amounts
and kinds of material in the water. Absorption and
scattering spectra are especially informative because
from them it is possible to estimate concentrations of
materials in the water responsible for absorption and
attenuation (Chang and Dickey, 2001; Gallegos and
Neale, 2002). For example, Chang and Dickey (1999)
examined time series of absorption and scattering
spectra from moored instrumentation off Georges Bank,
and observed high concentrations of suspended solids in
a near-bottom mooring following the passage of
a hurricane. Gallegos and Jordan (2002) measured
changes in absorption and scattering spectra during
the course of a large bloom of the dinoflagellate
Prorocentrum minimum. They observed a three-fold
increase in attenuation due to the bloom and determined
that the optical effects of the bloom were initially
dominated by phytoplankton absorption, and then by
non-algal detrital matter at the termination of the
bloom.
Here we present the results of a nearly 2-year series of
hourly measurements of inherent optical properties in
the Rhode River. Our objectives were to determine the
magnitude and variability of factors responsible for
reduced water clarity in this systemwhich once supported
an abundance of submerged vegetation (Southwick
and Pine, 1975). These observations are unique in their
coverage of the seasonal and interannual variability, and
in their resolution of the components of absorption. Key
features of the variability are interannual differences in
the magnitude of the spring bloom, and the relative
constancy of the late summer peak of non-algal par-
ticulate matter. Additionally, we examine a variety of
long-term ancillary data to propose causal mechanisms
for the seasonal pattern of non-algal particulates.

2. Study site

Inherent optical properties were monitored at a site on
the Rhode River (38.883 �N, 76.533 �W), Maryland. The
Rhode River is a small, shallow tributary embayment, or
subestuary, on the western shore of Chesapeake Bay
(Fig. 1). The subestuary is located in the mesohaline zone
of Chesapeake Bay, where the salinity varies seasonally
from 5 to 18 at the mouth depending on flow of the
Susquehanna River, and from 0 to 14 at the head,
depending on flow of the Susquehanna River and local
flow of Muddy Creek, the principal freshwater source to
the Rhode River. Depth varies from about 4 m at the
mouth to !1 m at an area of subtidal mud flats up-
estuary of the monitoring station. The subestuary is
usually vertically homogenous, though subsurface chlo-
rophyll accumulations sometimes occur during dense
phytoplankton blooms (Gallegos et al., 1990).

The subestuary is eutrophic, with summer chlorophyll
concentrations averaging 20e40 mgm�3, and experien-
ces extraordinary spring blooms of the dinoflagellate
Prorocentrum minimum in years when the spring freshet
of the Susquehanna River is sufficient to infuse nitrate
into the system in mid- to late April (Gallegos et al.,
1990, 1997; Gallegos and Jordan, 2002). Inputs of
suspended solids from the local watershed peak in spring
(Jordan et al., 1986), though concentrations of sus-
pended solids in the water column peak in late summer
(Jordan et al., 1991, and see below).

3. Materials and methods

3.1. Optical monitoring

Spectral absorption [a(l)] and attenuation [c(l)]
coefficients were measured at 9 wavelengths: 412, 440,
488, 510, 532, 555, 650, 676, and 715 nm, using a flow-
through absorption-attenuation meter (ac9, Wetlabs).
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Fig. 1. Map of the Rhode River, Maryland, showing locations of optical monitoring station, bottle-cast stations, water quality transect, and trawl

lines. Inset shows location of the Rhode River on the western shore of Chesapeake Bay.
Flow to the ac9 was by gravity feed. Water from the
estuary was pumped into an open topped polyvinyl
chloride (PVC) cylinder with an overflow pipe to
provide a constant head. A spigot and tubing located
near the bottom of the cylinder conducted water past
a bubble trap standpipe to the ac9. A Wetlabs MPak
was used to control the ac9 and log the data. Once per
hour the ac9 was turned on, allowed to warm up for
5 min, and sampled for 1 min at 6 Hz.

The PVC cylinder, ac9, and MPak were housed in
a monitoring shed at the end of the Smithsonian pier
on the Rhode River (Fig. 1). To reduce fouling within
the cylinder, the pump was operated only 15 min h�1,
extending from about 10 min before to 5 min after
sampling by the ac9. At the conclusion of a sampling
cycle, a solenoid valve was opened that allowed about
60 ml of bromide solution to flow through the standpipe
and ac9 to inhibit growth of fouling organisms on the
optical surfaces of the ac9. Timing of the pump and
solenoid valve was controlled by a Campbell Scientific
CR10 data logger and control module.

The system was not operated when the estuary was
ice-covered, to avoid damage to the sampling pump. In
January and February of 2000 when ice cover was
prolonged, we augmented the series by collecting grab
samples through a hole in the ice for 23 days. These
samples were run through an ac9 in the laboratory as
described by Gallegos and Neale (2002).

3.2. Data processing

Datawere downloaded and the ac9was cleaned 3 times
per week. Cleaning was commenced immediately follow-
ing a reading. Water from that reading was collected and
run through the meter again after cleaning to correct for
drift due to fouling or accumulation of particulate matter
during the previous monitoring period. Cleaning and
downloading generally took less than 1 h, so that hourly
sampling was usually not interrupted.

We calculated the change in absorption [a(l)] and
beam attenuation [c(l)] coefficients after cleaning and
applied the difference incrementally over the time period
since the last cleaning, which was generally !3 d. We
calculated the increment linearly from late fall to early
spring when drift was due to settling of inanimate
particulate matter in the tubes, and exponentially during
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spring and summer when drift was due primarily to
biological fouling. Inappropriate application of a linear
correction could be recognized by the calculation of
negative coefficients near the beginning of the monitor-
ing period. Temperature and salinity at the site were
monitored at hourly intervals coinciding with ac9
measurements by a Hydrolab (�) Minisonde. These
measurements were used to calculate corrections for the
temperature and salinity dependence of the absorption
coefficient of pure water according to the manufacturer’s
specifications. In these waters, the resulting corrections
were always small in relation to the overall magnitude
and relative variability in measured optical coefficients.

3.3. Data analysis

We estimated the components of absorption by a
modification of the procedure of Gallegos and Neale
(2002). Briefly, the absorption coefficient referenced to
water, at � w(l), at wavelength lmay be represented as the
sum of absorption due to colored dissolved organic
matter (CDOM), phytoplanktonpigments, andnon-algal
particulate matter,

at�wðlÞZagðlÞCafðlÞCap�fðlÞ ð1Þ

where the subscripts refer to absorption by particular
components: g for CDOM (i.e. gelbstoff, Kirk, 1994), f
for phytoplankton, and p� f for non-algal particulate
matter. The average spectral shape of absorption by a
component was represented by a normalized absorption
function, determined by dividing the absorption by a
component at each wavelength by the value at
a reference wavelength. The normalized absorption
spectra were determined using laboratory measurements
in which the components were physically separated, as
reported previously (Gallegos and Neale, 2002). The
estimation procedure determines the value of absorption
by each component at the reference wavelength, from
which absorption at all other wavelengths may be
calculated by multiplication by the normalized absorp-
tion function. Reference wavelengths were chosen as
440 nm for CDOM and non-algal particulates by
convention (Kirk, 1994), and 676 nm for phytoplankton
because it is at an absorption peak of chlorophyll.
Further details and the modifications to the procedure
of Gallegos and Neale (2002) are given in Appendix A.

We represented the wavelength dependence of partic-
ulate scattering spectrum as the product of an exponen-
tial function of wavelength scaled by the particulate
scattering at a reference wavelength (555 nm),

bpðlÞZbpð555Þ
�
555

l

�h
ð2Þ

where bp(l)Z the particulate scattering spectrum, and h

is the scattering spectral exponent. We estimated h as
the negative slope of a logelog regression of the 9
measured bp(l) against l. Eq. (2) well characterizes the
spectrum when scattering is dominated by particles
having sizes smaller or comparable to the wavelength of
light, whereas when scattering is dominated by larger
particles, estimated h is small and wavelength de-
pendence of scattering is characterized by depressions
associated with the red and blue absorption peaks of
chlorophyll (Stramski and Mobley, 1997). Scattering by
pure water and by CDOM are considered negligible
(Kirk, 1994).

3.4. Laboratory measurements of optical properties

To develop the normalized absorption functions of
the optically active components and to examine spatial
gradients in optical properties, we collected vertically
integrated whole-water samples from 3 stations: up-
estuary of the optical monitoring station in a region of
subtidal mudflats, near the monitor, and down estuary
of the monitor at the mouth of the Rhode River (Fig. 1,
open squares). Components of absorption and the
normalized absorption spectra were measured as de-
scribed previously (Gallegos and Neale, 2002). Here we
present measurements of absorption by CDOM at
440 nm [i.e. ag(440)] as an independent check on values
estimated by inversion of monitored ac9 data (Gallegos
and Neale, 2002, see Appendix A), and for delineating
spatial gradients as an indication of CDOM sources.

3.5. Supporting measurements

To gain insight into the processes governing seasonal
variations in optical properties, we compared patterns of
variation in optical properties with various long-term
measurements of parameters capable of influencing
CDOM, phytoplankton, and total suspended solids
(TSS). We measured the concentration of TSS in a series
of transects of the Rhode River and Muddy Creek at
approximately bi-weekly intervals from 1986 to 2001.
The concentration of TSS was determined from the
weight gain of a pre-weighed, 0.45 mm Poretics filter.
Additionally, during 2000 and 2001 we determined the
fraction of combustible suspended solids by filtering
samples through a pre-combusted GF/F glass fiber filter,
and determining the dry-weight loss after combustion
for 3 h at 500 �C. Methods of sample collection and
data through 1989 are reported in Jordan et al. (1991).
Concentrations of NO3, NH4, and PO4 in samples from
the bi-weekly transects were measured by previously
published methods (Jordan et al., 1991). Data shown
here were from the transect segment closest the optical
monitoring station (Fig. 1, dotted line).

Discharge from 36% of the watershed of Muddy
Creek was monitored from 1985 to 1999 with a network
of weirs and automated samplers. Location of the
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automated samplers is given in Gallegos et al. (1992).
Flow was measured at V-notch weirs, and samples in
volumes proportional to the flow were pumped into
acid-washed glass carboys (Correll, 1981; Correll et al.,
1999). Samples were composited weekly and analyzed
for TSS concentration as described above. These data
provided an estimate of the seasonal pattern of weekly
mean suspended sediment influx from the local water-
shed (Jordan et al., 1986).

We estimated the contribution of living plankton to
the organic fraction of TSS from long-term measure-
ments of phytoplankton chlorophyll and ciliate abun-
dance. Vertically integrated water samples were collected
from a station ca. 100 m from the monitoring pier using
a 2-l Labline Teflon sampler by slowly lowering and
raising the sampler in less time than required to fill the
sampler. Samples for chlorophyll analysis (1990e2001)
were filtered onto Whatman GF/F glass fiber filters,
extracted in 10 ml of 90% acetone overnight at 4 �C
either immediately or after freezing for !2 week. We
estimated the dry weight of phytoplankton by assuming
a carbon-to-chlorophyll ratio of 40 mg C (mg Chl)�1

(Gallegos, 2001) and a dry weight-to-carbon ratio of
3.33 mg dry weight (mg C)�1 based on Redfield
elemental composition. Samples for ciliate counting
(1992e1994) were preserved in modified Bouin’s fixative
(Coats and Heinbokel, 1982) and processed by the
quantitative protargol staining (QPS) technique of
Montagnes and Lynn (1993). Ciliate abundances were
derived from 25e50 ml QPS preparations by enumerat-
ing specimens present in arbitrarily selected microscope
fields (!1250) until a total of 100 individuals or the
equivalent of 2 ml of whole-water sample was counted.
Ciliates were classified by morphotypes, with genus and
species identifications made whenever possible. Length
and width measurements were obtained for each
morphotype using a calibrated ocular micrometer. For
common ciliate taxa, five length-width determinations
were made per sample until R100 measurements were
obtained. Uncommon taxa were sized when encountered
(10e50 estimates per morphotype); however, !10
measurements were obtained for rare morphotypes.
Species-specific biovolumes were calculated from QPS
dimensions using appropriate geometric formulae.
For each sample, species abundance and biovolume
were multiplied, and resultant values summed across
morphotypes to give cumulative biovolumes for total
ciliates. Cumulative biovolumes were converted to
carbon biomass using a factor of 0.27 pg C mm�3 for
protargol stained specimens (Bockstahler and Coats,
1993), and to dry weight by a factor of 2.11 g dry weight
(g C)�1 based on Fenchel and Finlay (1983).

As an indicator of the potential for bioturbation to
influence TSS concentrations, we examined the monthly
averaged biomass of epibenthic fish and crabs in the
Rhode River. Abundances of epibenthic fish and crabs
were estimated with otter trawls from 1981 to 2002 by
procedures of Hines et al. (1990). For each trawl (Fig. 1,
arrows), all organisms caught were counted and identi-
fied to species. Body sizes (total body length of fish and
maximal carapace width of blue crabs) of a subset of 20
individuals were randomly selected for measurement;
all individuals were measured when total catch of
a species was !20 individuals. Biomass as wet weight
was calculated from established regressions against
length (Dawson, 1965 for fish; Olmi and Bishop, 1983
for crabs), and expressed as kg trawl�1. Analysis was
restricted to the most consistently observed mobile
bottom feeding taxa, namely blue crabs (Callinectes
sapidus), and demersal fish mainly composed of spot
(Leiostomus xanthurus), and croaker (Micropogonias
undulatus).

4. Results

4.1. Monitoring efficiency

Data from the monitoring system consist of 10,534
measurements of spectral absorption and attenuation
coefficients measured from January 2000 through Sep-
tember 2001. Excluding days that the system was not
operated due to the threat of ice (91 days between the two
winters), gross efficiency of data collection was approx-
imately 80%. Data loss occurred due to a combination of
occasional recorder failure, loss of power, and 431
measured spectra were rejected due to entrainment of
bubbles or accumulation of particulate matter, which
were recognized by high and erratic spectra that pro-
duced unrealistic estimates of absorption components.
The data show a high degree of variability on nearly
every time scale. Therefore we calculated weekly averages
for better resolution of seasonal and interannual
patterns. Shorter-term variability will be examined in
another paper.

4.2. Absorption spectra

Weekly averages of total absorption coefficient at
440 nm and the magnitudes of the components com-
prising it underwent a similar pattern of variation in
each year (Fig. 2a and Fig. 3a). There was a minimum
for all components in late winter, a noticeable spring
phytoplankton bloom (ca. day 120), a decline in all
components following the collapse of the spring bloom
(ca. day 150), a gradual build up of non-algal particulate
absorption for the remainder of the summer, and a rapid
decline of all components in late summer, ca. day 270
(only measured in 2000).

Absorption by CDOM was the least variable absorp-
tion component, varying from about 0.3 m�1 in winter to
about 1 m�1 in summer (Fig. 2a). There was a tendency
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for the inversion algorithm to overestimate ag(440),
though the overall seasonal pattern was well resolved in
2000. Due to the inability to predict the absorption-to-
scattering ratio (r) exactly (see Appendix A), there is an
unavoidable tendency for estimates of ag(440) to covary
with estimated ap � f(440) (Fig. 2a and Fig. 3a, see also
Gallegos and Neale, 2002). This covariation between
estimates of ag(440) and ap � f(440) resulted in, for
example, overestimates of ag(440) following the spring
phytoplankton bloom in 2000 (Fig. 2a, days 135e150)
and underestimate ag(440) after a fall phytoplankton
bloom in 2001 (Fig. 3a, days 195e210).

The spring phytoplankton bloom was much larger in
2000 than in 2001, but in each year there was an increase
in absorption in non-algal particulate matter at the
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termination of the bloom that kept total absorption
coefficient at bloom levels for longer than that due to the
phytoplankton bloomalone (Gallegos and Jordan, 2002).

The relative minimum in the sum of absorption
components in early summer, ca. day 160, following the
collapse of the bloom was much more noticeable in 2000
than in 2001, due to the much larger bloom that year.
Nevertheless, such a decline that also occurred in 2001
is borne out by measurements of scattering coefficients
(see below).

4.3. Scattering coefficients

The seasonal pattern of scattering coefficient at
555 nm (Fig. 2b and Fig. 3b) was similar to that of
absorption by non-algal particulate matter. There was
a relative peak near the end of the spring phytoplankton
bloom (ca. day 135), a relative minimum near day 150
that was particularly evident in 2001, a gradual rise to
a seasonal maximum in late summer (ca. day 240), and
a rapid decline in fall (after day 270, only measured in
2000). Scattering coefficients were higher in 2000 than in
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2001, until about mid-summer (i.e. day 200, Fig. 2b and
Fig. 3b).

The spectral exponent of scattering, h, varied widely
within and between years (Fig. 2b and Fig. 3b). In 2000
(Fig. 2b, open circles) there appeared to be a trend
characterized by relatively high values in early spring
soon after the breakup of ice (ca. days 60e90), declines
during the bloom of Prorocentrum minimum (days 110e
150), followed by a steady rise after day 150 to a late
summer peak. The most consistent feature between the 2
years was the relatively high values in late summer (days
200e270). The relatively low values during the smaller
spring bloom of P. minimum from ca. days 110e150 in
2001 were similar to those in 2000, but were not as
clearly associated with the bloom due to other low
values early in the year (Fig. 3b). The rise to the late
summer maximum in 2001 was interrupted by a sudden
decline to the lowest weekly averaged value observed in
the data set at about day 185. Examination of ancillary
data (Gallegos, unpublished) indicated that this time
period corresponded to a modest bloom of the small
dinoflagellate Karlodinium micrum cf. of about 104

cells ml�1, representing about a three-fold increase in
chlorophyll from about 15 to 45 mgm�3. The largest
absorption due to phytoplankton observed during 2001
also occurred during this week (cf. Fig. 3a, ca. day 185).
Within 2 weeks the averaged h had returned to values
O0.6 (Fig. 3b), characteristic of late summer conditions
seen in 2000.

Examples of scattering spectra with low (�0.71) and
high (0.93) values of h are given in Fig. 4. Depression of
scattering in the chlorophyll absorption bands in the blue
(412e488 nm) and the red (676 nm) was evident in the
spectrum with the low h (Fig. 4, filled squares), indicating
a noticeable effect of phytoplankton absorption (Stram-
ski and Mobley, 1997). The spectrum with the large h

(Fig. 4, open circles) decreased monotonically with
increasing wavelength, indicating dominance of the
scattering by smaller plankton or mineral particulates
(Babin et al., 2001).

4.4. Sources of materials and environmental covariates

Seasonal changes in the parameters that determine
optical properties are examined in relation to driving
processes for 2000, the year of more complete measure-
ments. Sources of CDOM include stream and ground-
water inputs from the local watershed and wetlands of
Muddy Creek, phytoplankton excretion and lysis, and
benthic decomposition of settled phytoplankton and
organic matter. Sinks for CDOM include bacterial
and photo-degradation. Exchange at the mouth with
Chesapeake Bay may be either a source or sink,
depending on the direction of the gradient.

The potential for freshwater inputs of CDOM peaked
during the months of March through May when
discharge from both the local watershed of Muddy
Creek and from the Susquehanna River (the main
freshwater source to upper Chesapeake Bay) was
sustained at high levels (Fig. 5a). If freshwater inputs
were the main source of CDOM, then we would expect
CDOM absorption to vary inversely with salinity.
However, salinity was not a good correlate of CDOM
absorption, because salinity reached a minimum (ca. day
120) and increased steadily for most of the remainder of
the year (Fig. 5b, filled squares), while CDOM
absorption increased irregularly to ca. day 270, then
declined abruptly while salinity continued to increase
(cf. Fig. 5b and c).

The overall seasonal pattern of CDOM absorption
followed that of temperature (cf. Fig. 5b and c), es-
pecially in regard to the rapid decline in fall. Spatial
patterns varied seasonally, with minimal spatial gra-
dients in spring (with the exception of elevated concen-
trations at the mudflat station due to local flow ca. day
80) and late fall, and pronounced spatial gradients from
late spring through late summer (Fig. 5c). Only in late
winter (ca. day 60) during peak flow of the Susquehanna
River and in late spring (ca. day 150) following the
collapse of the widespread bloom of Prorocentrum
minimum (Gallegos and Jordan, 2002) did CDOM
absorption at the mouth of the Rhode River exceed
that at up-estuary stations (Fig. 5c). Otherwise CDOM
absorption increased in the up-estuary direction. It
would thus appear that in situ production of CDOM
dominated the seasonal signal, with production rates
increasing up-estuary parallel with the overall trophic
gradient in the system (Jordan et al., 1991).
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mudflats (up-estuary).
Absorption by phytoplankton at 676 nm as estimated
from the monitoring data closely paralleled changes
in extracted chlorophyll (Fig. 6a). The seasonal vari-
ability in chlorophyll absorption was dominated by the
extraordinary spring bloom of Prorocentrum minimum,
described previously by Gallegos and Jordan (2002),
who observed the onset of the bloom in response to the
freshet of the Susquehanna River. A brief spike in
measured nitrate concentration to O12 mM can be seen
prior to the spring bloom (Fig. 6b), with concentrations
remaining mostly below 4 mM the remainder of the year.
Variations in chlorophyll absorption (or chlorophyll
concentration) bore no obvious relationship with any
other measured nutrient (cf. Fig. 6a and b).



164 C.L. Gallegos et al. / Estuarine, Coastal and Shelf Science 64 (2005) 156e170
0
2
4
6
8

10
12
14
16
18
20
22

0.0

0.2

0.4

0.6

0.8

1.0

120 150 180 210 240 270 300 330 36030 60 900

120 150 180 210 240 270 300 330 36030 60 900

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0

50

100

150

200

250

a

b

a
 
(6

76
) (

m
-1

)

J M M S NF A J J A O D

J M M S NF A J J A O D

 C
hl

or
op

hy
ll 

a
 (m

g 
m

-3
)

N
O

3 
an

d 
N

H
4 

(µ
M

)

 Day of Year 2000
 P

O
4 

(µ
M

)

 Chl aa (676)

 PO4 NO3
 NH4

Fig. 6. Weekly averages of measured absorption by phytoplankton at 676 nm and potential environmental correlates for the year 2000: (a)

comparison of (filled squares) measured af(676) with (open circles) measured chlorophyll concentration, and (b) measured concentrations of

macronutrients, (filled squares) nitrate, (plus signs) ammonium, and (open circles) phosphate.
Absorption by non-algal particulate matter was
higher and more variable in late winter, i.e. days 1e75,
than in early winter (day 300e360) due to intermittent
disturbance of the shoreline by tidal movement of
ice (Fig. 7a). Samples collected at these times of ice
movement were grab samples taken off the end of the
dock where the ac9 was housed, since the monitor could
not be run under those conditions. Non-algal particulate
absorption at 440 nm increased from about 1 m�1 during
late spring to O3 m�1 at the termination of the spring
bloom of Prorocentrum minimum, declined near day 150,
then rose steadily to a mid- to late summer maximum,
and declined rapidly in the fall back to ca. 1 m�1

(Fig. 7a). The seasonal trend corresponded only weakly
to the variation in concentration of total suspended
solids (TSS), due to the extremely high concentration of
TSS measured during the spring bloom (Fig. 7b). The
partitioning inversion correctly attributed the absorption
by the spring bloom to phytoplankton (Fig. 6a). Other-
wise, TSS concentration rose to a local peak in late
summer (ca. day 220) and declined steadily in the fall,
similar to absorption by non-algal particulate matter.

The overall seasonal trend in scattering coefficient
(Fig. 7a, open circles) corresponded better with TSS
concentration than did ap � f(440), including the peak in
TSS concentration that occurred due to the spring
phytoplankton bloom. Nevertheless, the late summer
relative maxima and fall declines in both scattering
coefficients and absorption by non-algal particulates
appeared to be governed by the variation of TSS
(Fig. 7).

4.5. Comparisons with long-term determinants of TSS

We examined average seasonal patterns in various
long-term data from the Rhode River system to try to
determine causal mechanisms regulating concentrations
of non-algal particulate matter. The average weekly
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concentration of TSS in long-term data from the region
around the monitoring station on the Rhode River has
peaks in spring corresponding with the average timing
of the spring phytoplankton bloom, and in late summer
(Fig. 8a, squares) coinciding with the timing of the late
summer maximum in ap � f(440) and scattering co-
efficient (Fig. 7). The fraction of TSS that is not
combustible at 500 �C varied between 0.5 and 0.8, and
seemed to be only slightly lower during the phytoplank-
ton growing season from days 120 to 270 than during
other times (Fig. 8a, thin line). Consequently, estimates
of the organic and inorganic fractions of TSS exhibit
similar seasonal patterns (Fig. 8b and c). The seasonal
pattern of estimated dry weight of phytoplankton plus
ciliates follows the overall trend of the estimated organic
solids, and, excepting the overestimate of the phyto-
plankton contribution to dry weight during the spring
bloom, quantitatively accounts for a large proportion of
the organic solids concentration (Fig. 8b). Ciliate
biomass only adds noticeably to the dry weight of
phytoplankton during mid-summer. The primary differ-
ence between the patterns of inorganic and organic
suspended solids is the presence of a broad peak in
inorganic suspended solids in early spring coinciding
with maximal watershed inputs and seasonal mean
windspeed (Fig. 8c).

The overall similarity of both the combustible and
the non-combustible fractions of TSS to the annual
temperature cycle (cf. Figs. 8 and 5b), resulting in a mid-
summer peak that is out of phase with watershed
delivery and windspeed, strongly suggests a dependence
of TSS concentration on biological activity. Not
surprisingly, therefore, the mid-summer peak of TSS
and its rapid decline in the fall parallel the long-term
average biomass of mobile benthic predators such
as Calinectes sapidus (blue crabs) and a variety of fish
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(Fig. 8c, squares) which could contribute to sediment
resuspension by their feeding activity.

5. Discussion

Together the phytoplankton and non-algal particu-
late matter dominated the variability in optically active
constituents in the Rhode River (Figs. 2 and 3).
Interannual variability in the magnitude of the spring
phytoplankton bloom was pronounceddthe 2 years
observed here included blooms of extraordinary (2000)
and average (2001) magnitudes for this system (Gallegos
et al., 1997). Modeling studies (Gallegos et al., 1997)
and detailed automated monitoring data (Gallegos and
Jordan, 2002) have shown that interannual variability in
the magnitude of the spring bloom in the Rhode River is
governed by the timing and magnitude of nitrate inputs
by the spring freshet of the Susquehanna River. The
freshet must be large enough to carry high concen-
trations of nitrate, must not arrive prior to adequate
daylength and seasonal phosphate availability (i.e. after
mid-March), or so late that the nitrate is consumed
during its transit along the axis of northern Chesapeake
Bay (i.e. before mid-May) (Gallegos et al., 1997;
Gallegos and Jordan, 2002).

Absorption by CDOM in summer 2000 also exceeded
that in 2001 (Fig. 2a and Fig. 3a). If the interannual
difference in CDOM absorption was related to the
differences in relative magnitudes of the spring phyto-
plankton blooms, then the increase took longer to be
expressed than the absorption by non-algal particulates.
The observations are consistent with death of autotrophs
and growth of heterotrophic plankton producing the
peak in non-algal absorption following bloom collapse,
and longer-term decomposition over the summer pro-
ducing the higher levels of absorption by CDOM. The
lack of correlation between CDOM absorption and
salinity differs from some studies that have examined
spatial gradients in coastal systems in individual cruises
(Twardowski and Donaghay, 2001; Hu et al., 2003).
However, because the Rhode River is a subestuary,
salinity at the mouth varied from ca. 5 to 16 over the
observation period (similar to that at the monitoring site,
Fig. 5b). Within this restricted salinity range, Harding
et al. (2005) observed CDOM absorption in the main
stem of Chesapeake Bay varying from 0.3 to 0.8 m�1,
and only weakly correlated with salinity. Similarly,
CDOM absorption of local stream flow varied from
!0.5 to O3 m�1 (Gallegos, unpublished), so that weak
correlation between CDOM absorption and salinity on
seasonal time scales is not unexpected. Gallegos (2005)
observed similar lack of correlation between salinity and
CDOM absorption in the humic-stained St. Johns River,
due primarily to large spatial and temporal variations in
CDOM absorption at zero-salinity within the tidal
freshwater portion of the estuary.

The interannual variability in non-algal particulate
matter appeared less pronounced than that of phyto-
plankton, except for the peak in non-algal particulate
absorption associated with the collapse of the extraordi-
nary spring phytoplankton bloom in 2000 which was not
observed in 2001. The mid- to late summer peaks in
scattering coefficient and non-algal particulate absorp-
tion, as well as the fall declines were similar in the 2 years
(Fig. 2b andFig. 3b). The late summer increase in spectral
exponent of scattering (Fig. 2b and Fig. 3b) indicates
a decrease in the particle-size spectrum consistent with
known seasonal shifts in species composition from
diatoms to picoplankton and flagellates in Chesapeake
Bay (Malone et al., 1996), and/or increasing mineral
contribution to scattering (Babin et al., 2003).

As was observed on the continental shelf of the
Middle Atlantic Bight (Chang and Dickey, 2001), much
of the variability in optical properties in the Rhode River
subestuary was related to season. By examining weekly
averages of optical properties, we removed much of the
variability in our data associated with short-term
episodic events that characterized the observations of
Chang and Dickey (2001) on the continental shelf. In this
study, however, we were also able to observe interannual
variability, which was pronounced with respect to the
magnitude of the spring phytoplankton bloom and its
collapse. The contrasting years help us resolve variability
that was directly related to phytoplankton blooms from
that which was not. Aside from the differences in the
magnitude of phytoplankton absorption, the largest
difference between the 2 years was the pronounced peak
in absorption by non-algal particulates as the extraordi-
nary bloom collapsed in 2000, which was missing in 2001.
Gallegos and Jordan (2002) showed that the increase in
non-algal absorption in 2000 initially coincided with
a transient increase in empty thecae of Prorocentrum
minimum, indicating that cell mortality was a likely
factor at first. Growth of bacteria and other heterotro-
phic plankton may have sustained the peak in non-algal
absorption. The observation that the late summer
maximum in non-algal particulate absorption (Fig. 2a
and Fig. 3a) and scattering coefficient (Fig. 2a and
Fig. 3a) were similar between the 2 years indicates that
the formation of the late summer maximum in particu-
late matter does not depend upon having an extraordi-
nary phytoplankton bloom in the spring.

The late summer peak in absorption by non-algal
particulate matter appeared to have a biological expla-
nation (Fig. 8c). As is common in many low energy
coastal systems (Pempkowiak et al., 2002), a benthic
fluff layer forms on the bottom of the Rhode River in
the region of the optical monitoring station, and is
especially pronounced during the summer. Where they
have been studied, such layers have been shown to be
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highly fluidized (Amos et al., 1997), composed of
a mixture of sedimented phytoplankton (Beaulieu,
2003), protists (Shimeta et al., 2002), and fine sediment
(Pempkowiak et al., 2002), and resuspended much more
easily than consolidated sediments of similar composi-
tion (Maa et al., 1998; Leipe et al., 2000). Increased
erodability of this material even under the reduced
winds of summer might be sufficient to produce the mid-
summer peak in TSS concentration. Hines et al. (1990)
demonstrated that bioturbation by the epibenthic
predatory guild of blue crabs and fish disturbed the
top layer of benthic sediments to a depth of 10 cm at
a station in the Rhode River during summer. The
activity of these organisms may, therefore, interact with
wind and tidal resuspension to produce the mid-summer
peak in both organic and inorganic suspended particu-
late matter. Biological activity was also shown to be
a factor in resuspension of a benthic fluff layer that
varied in amount with season and location in lower
Chesapeake Bay (Maa and Lee, 1997). Similarly,
epibenthic fish were shown to facilitate sediment
resuspension, while experimental removal of fish pro-
moted bottom sediment consolidation in a shallow lake
in the Netherlands (Scheffer et al., 2003).

Additionally, seasonal formation of the benthic fluff
layer may, in part, rely on particle flocculation and
sedimentation of flocs from the water column. Though
salt flocculation of charged primary clay particles is
rapid, formation of macroflocs consisting of coated
minerals and detritus is enhanced by polysaccharides
and polymers produced by bacteria (van Leussen, 1988).
Such a process might scavenge the water column of
particles as temperature rises and the spring bloom
collapses in late spring (Jones et al., 1998), possibly
accounting for the late spring minimum in inorganic
suspended solids (Fig. 8c) and scattering coefficients
(Fig. 2b, Fig. 3b and Fig. 7) around day 150.

These results have implications for the development
of indicators of water quality and habitat suitability for
living resources in the coastal zone. Gallegos and Jordan
(2002) demonstrated that absorption and scattering by
non-algal particulate matter extended the impact of an
extraordinary dinoflagellate bloom on light attenuation
an additional 2 weeks longer than that due to phyto-
plankton alone. Furthermore, if we are correct that
biotic resuspension of a phytodetritus and sediment fluff
layer is responsible for the late summer maximum in
attenuation, then it is clear that eutrophication has long-
term effects on optical properties of a water body beyond
the immediate absorption and scattering of light directly
attributable to phytoplankton. Neither chlorophyll
concentration nor phytoplankton species composition
provides a measure of this aspect of eutrophication.
Finally, the independence of this process from the
magnitude of the preceding spring bloom indicates that
the effects of eutrophication on optical properties of
the non-algal particulate matter may take multiple years
to reverse.
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Appendix A

The ac9 measures absorption coefficients referenced
to the absorption by pure water, which is subtracted by
the manufacturer’s software. In addition, the measured
coefficients overestimate true absorption due to loss of
photons by scattering within the reflective tube, which
the instrument incorrectly attributes to absorption (Kirk,
1992). Kirk (1992) demonstrated that, for a given
scattering phase function, the error is proportional to
the scattering coefficient, which can be used to derive
a correction factor (Zaneveld et al., 1994; Gallegos and
Neale, 2002),

at�wðlÞZamðlÞ � 3½cðlÞ � amðlÞ�ZamðlÞ � 3bmðlÞ ðA1Þ

where l is the wavelength of light, at � w(l) is the true
total absorption less that due to water, am(l) is the
absorption coefficient measured by the ac9, c(l) is the
attenuation coefficient, bm(l)hc(l)� am(l) is the mea-
sured scattering coefficient, and 3 is a correction factor.
We estimated 3 by the procedure of Gallegos and Neale
(2002) using their unconstrained matrix inversion. Note
that bm(l) underestimates the true particulate scattering,
bp(l), by the factor (1C 3).

We estimated the components of absorption by
a modification of the procedure of Gallegos and Neale
(2002). We represented the absorption coefficient
referenced to water as the sum of absorption due to
colored dissolved organic matter (CDOM), phytoplank-
ton pigments, and non-algal particulate matter,

at�wðlÞZagðlÞCafðlÞCap�fðlÞ ðA2Þ

where the subscripts refer to absorption by particular
components: g for CDOM (i.e. gelbstoff, Kirk, 1994),
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f for phytoplankton, and p� f for non-algal particulate
matter. The component absorption spectra were repre-
sented by normalized absorption functions, scaled by
the absorption at a characteristic wavelength,

agðlÞZagð440ÞgðlÞ ðA3aÞ

afðlÞZafð676ÞfðlÞ ðA3bÞ

and

ap�fðlÞZap�fð440ÞpðlÞ ðA3cÞ

where g(l), f(l), and p(l) are the normalized absorp-
tion functions for, respectively, CDOM, phytoplankton,
and non-algal particulate matter. Substituting Eqs.
(A3a)e(A3c) into Eq. (A2) and equating to the right
hand side of Eq. (A1) produces a linear system of
equations with 4 unknowns consisting of the scale
factors in Eqs. (A3a)e(A3c) and 3, measurements am(l)
and bm(l), and coefficients given by the normalized
absorption spectra. The system is fully determined using
measurements at 4 wavelengths, so that the scale factors
and 3 may be determined by matrix inversion. Gallegos
and Neale (2002) called this procedure the uncon-
strained solution.

The unconstrained solution performed well for
estimating af(676) and 3, but sometimes produced
unstable estimates of ag(440) and ap � f(440), due to
the similar shapes for g(l) and p(l). Gallegos and Neale
(2002) used a statistically augmented procedure to
improve the discrimination between absorption by
CDOM from that by non-algal particulates, by noting
that non-algal particulate matter contributes to scatter-
ing, whereas CDOM does not. They parameterized the
scale factor for absorption by non-algal particulates in
terms of the absorption-to-scattering ratio of non-algal
particulates at 440 nm, r, where

rh
ap�fð440Þ
bpð440Þ

ðA4Þ

and estimated r by a site-specific statistical model.
However, over or underestimates of r could still produce
negative estimates of ag(440) or ap � f(440). Here we
further modified the procedure by noting that r must lie
along the line,

rZrcmð1� fcÞ ðA5Þ

where rcmZ
�
ap�fð440ÞCagð440Þ

�
=bpð440Þ is the ab-

sorption-to-scattering ratio of particulate plus dissolved
matter and is fixed by the measurements once 3 and
af(676) have been estimated, and fcZagð440Þ=�
ap�fð440ÞCagð440Þ

�
is the fraction of total non-algal

absorption at 440 nm attributable to CDOM. We used
the statistically augmented procedure of Gallegos and
Neale (2002) to provide a first estimate of r̂, âgð440Þ,
and f̂c, then revised the estimate by finding the nearest
point on Eq. (A5) that was also on the normal to Eq.
(A5), passing through (f̂c, r̂). The revised procedure
guarantees positive estimates for ag(440) and r whenever
measured spectra conform to the shape predicted by
Eqs. (A2), (A3a)e(A3c). Note that, though the pro-
cedure only estimates 3 scale coefficients at a character-
istic wavelength, the procedure exploits the spectral
variability in absorption at 4 widely spaced wavelengths.
The complete spectral shape of absorption is implied by
the scale factors applied to the normalized absorption
functions. It is, of course, not possible to simultaneously
estimate the scale factors and the normalized absorption
functions.
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