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Abstract
Upper estuarine segments are characterized by mixing of diverse source waters with a variety of constituents that may influ-
ence water clarity (e.g., algae, inorganic particulates, dissolved color). We measured turbidity, total suspended solids (TSS), 
chlorophyll-a (CHLa), dissolved organic carbon (DOC), and chromophoric dissolved organic matter (CDOM) in upper seg-
ments of the James and York Estuaries to better understand their role in light attenuation. Turbidity and TSS were found to 
be the best predictors of inter-site and intra-site variations in light attenuation. CHLa was not found to be a strong predictor 
of light attenuation, indicating that suspended particulate matter was largely non-algal. CDOM played a greater role in light 
attenuation in the Pamunkey and Mattaponi sub-estuaries, which derive a greater proportion of their inflow from lowland 
(Coastal Plain) sources where extensive wetlands and floodplain forest likely serve as a source of CDOM. Although dissolved 
and particulate components of light attenuation were derived from external (watershed) sources, variation in external inputs 
(river discharge) was not a strong predictor of estuarine light attenuation. Analysis of long-term (25-year) data indicate trends 
of decreasing turbidity and increasing water clarity at some sites, coinciding with decreases in river sediment inputs. In the 
James Estuary, underwater light conditions remain below targets for successful SAV colonization and favor phytoplankton-
dominated primary production. Management actions that reduce sediment loads are likely to be the most effective means 
for improving water clarity in upper estuarine segments.
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Introduction

The depth to which sunlight penetrates the water column is 
an important attribute of aquatic ecosystems. Light penetra-
tion dictates the depth to which benthic algae and plants can 
colonize available habitat, and determines the light condi-
tions experienced by phytoplankton circulating within the 
water column. Loss of water clarity constrains the depth 
range over which photosynthesis can occur, potentially alter-
ing the balance between photosynthesis and respiration (net 
ecosystem metabolism), and in turn, nutrient cycling and 
food web dynamics (Davies-Colley et al. 2014; Abdelrhman 

2017; Kim et al. 2020). Water clarity is especially impor-
tant to shallow water bodies, including coastal lagoons and 
estuaries, as it is linked to the maintenance of two alternative 
stable states in which primary production is dominated by 
either macrophytes or phytoplankton (Bouska et al. 2020; 
Jones 2020; Yuan 2021). Shallow estuaries such as Chesa-
peake Bay historically supported extensive and diverse com-
munities of submerged aquatic vegetation (SAV), which 
serve critical functions by absorbing excess nutrients, pre-
venting sediment re-suspension and shoreline erosion, and 
providing habitat for commercial and recreational fisheries 
(Dennison et al. 1993). Since 1960, reductions in water clar-
ity have caused SAV acreage to decrease throughout the Bay 
and its tributaries (Kemp et al. 2005; Baldizar and Rybicki 
2006). Coinciding with this decline has been an increase 
in the occurrence of algal blooms, some of which are com-
prised of harmful algae (Morse et al. 2011; Egerton et al. 
2014; Bukaveckas et al. 2018). Multiple agencies are work-
ing to develop and implement management strategies aimed 
at improving water clarity, restoring SAV, and mitigating 
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algal blooms. The success of these efforts depends in part 
on an understanding of the factors which contribute to light 
attenuation in various segments of the Bay and their influ-
ence on primary producers.

The diffuse attenuation coefficient (Kd) for photosyntheti-
cally active radiation (PAR) is a widely used measure of 
water clarity. Irradiance decreases exponentially with depth 
due to scattering of photons by suspended particulate mat-
ter and absorption of photons by water and its dissolved 
constituents (Kirk 2011; Gallegos 1994). Chromophoric 
dissolved organic matter (CDOM) is the fraction of DOC 
that contributes to light absorption. CDOM originates from 
decay of terrestrial and wetland plant material. Its impor-
tance to light attenuation in estuarine waters is determined 
by freshwater inputs, particularly from wetland sources. 
CDOM is not commonly measured in monitoring programs, 
and therefore, DOC is often used as a surrogate, though 
the proportional contribution of CDOM to DOC is variable 
(Zhao and Song 2018). Suspended particulate matter (SPM) 
causes scattering of photons, thereby increasing their path 
length and reducing their downward flux. SPM is comprised 
of non-living particles (e.g., clay, silt, and sand) as well as 
living cells (e.g., phytoplankton and bacteria). Light attenu-
ation is affected by the abundance of particulates as well as 
their size and composition (Davies-Colley and Smith 2001; 
Davies-Colley et al. 2014). In general, finer materials have 
a greater negative impact on water clarity per unit mass. 
Two metrics commonly used to quantify SPM are total 
suspended solids (TSS), a gravimetric property (mass of 
SPM per volume), and turbidity, an optical property, which 
measures light scattering relative to standards. Chlorophyll-
a (CHLa) is also commonly used to assess phytoplankton 
contributions to light attenuation. Statistical models relat-
ing light attenuation to DOC or CDOM, SPM, and CHLa 
are used to assess their relative importance across sites and 
over time (Gallegos and Moore 2000; Baldizar and Rybicki 
2006; Chen and Doering 2016).

Quantifying the importance of various light attenuating 
factors is challenging due to their variable contributions 
under changing conditions. This is especially true in estua-
rine environments where the confluence of river water and 
sea water results in a diverse collection of optically active 
constituents from both terrestrial and aquatic sources. For 
example, CDOM concentrations vary along the length of 
the estuary, typically with higher concentrations near fresh-
water or wetland sources and lower concentrations seaward 
(Rochelle-Newall and Fisher 2002). Salinity has been used 
in some studies as a proxy for CDOM due to the negative 
relationship (e.g., Xu et al. 2005). Contributions from SPM 
also vary longitudinally, particularly where tidal forces 
lead to the formation of an estuarine turbidity maximum 
(McSweeney et al. 2017). Previous studies of Chesapeake 
Bay and Narragansett Bay found that TSS was a key factor 

affecting light attenuation (Gallegos 2001; Gallegos et al. 
2005; Abdelrhman 2017) and Secchi depth (Testa et al. 
2019). In a Florida estuary, CDOM and turbidity accounted 
for the greatest amount of variation in light attenuation, 
while CHLa was less important (Chen and Doering 2016). 
Our knowledge of inter-estuarine differences in the factors 
regulating water clarity is largely based on studies conducted 
in the lower, saline portions of the estuary. Less is known 
regarding the factors regulating water clarity in the upper 
estuary. Owing to their proximity to riverine inputs, upper 
estuarine segments receive episodic inputs of SPM during 
storm events (Bukaveckas et al. 2020). The upper estuary 
can also be a region of high phytoplankton production due 
to favorable nutrient and water residence time conditions 
(Wood and Bukaveckas 2014; Qin and Shen 2017). In this 
setting, the contributions of SPM to light attenuation may 
vary in response to storm events and algal blooms. Local 
tributaries may be an important source of CDOM, particu-
larly where extensive wetland and floodplain area occur.

In this study, we measured light attenuation and associ-
ated variables (TSS, turbidity, DOC, CDOM, and CHLa) 
in upper segments of the James and York estuaries over a 
3-year span (2017–2019). To characterize long-term trends, 
we analyzed similar data collected by the Chesapeake Bay 
Program over a 25-year span (1994–2019). Our main objec-
tive was to assess contributions from dissolved organic mat-
ter and suspended particulate matter to light attenuation. We 
tested univariate, linear models as well as multivariate, non-
linear models (GAMs) to assess their utility in explaining 
variation in light attenuation. Lastly, we utilized our previ-
ously published data on phytoplankton abundance (CHLa) 
and production (GPP) in the James Estuary to test for rela-
tionships with water clarity. The overall goal was to improve 
understanding of factors regulating light attenuation in the 
upper estuary and how variation in light conditions affects 
primary producers.

Methods

Study Sites

This study focuses on the two southern tributaries of 
Chesapeake Bay (James and York Estuaries) and two 
sub-estuaries of the York (Pamunkey and Mattaponi). A 
prior paper documented inter-system differences in the 
influence of storm events on water quality and ecosystem 
metabolism in these estuaries (Bukaveckas et al. 2020). 
The proximity of the estuaries allowed us to conduct fre-
quent sampling (1–2-week intervals) and to encompass a 
range of salinity conditions from tidal freshwater in the 
James, to oligohaline in the Pamunkey and Mattaponi, and 
mesohaline in the York (Fig. 1). We expected that algal 
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contributions to light attenuation would be more impor-
tant in the James based on our prior work documenting 
the occurrence of algal blooms in the tidal fresh segment 
(Bukaveckas et al. 2011, 2018; Tassone and Bukaveckas 
2019). By contrast, the Pamunkey and Mattaponi are 
dominated by submerged and emergent vegetation with 
lower CHLa and GPP (Bukaveckas et al. 2020). We also 
anticipated that CDOM would be more important in the 
sub-estuaries of the York due to extensive wetlands and 
floodplains along the Mattaponi and Pamunkey (Hupp 
et al. 2009; Noe and Hupp 2009; Lake et al. 2013).

Sample Collection

Light attenuation and associated variables were measured at 
five sites including the upper and lower tidal fresh segments 
of the James (JMS UTF, LTF), oligohaline segments of the 
Mattaponi (MPN OH) and Pamunkey (PMK OH), and the 
mesohaline segment of the York (YRK MH). Sites were 
sampled by boat in the main channel. Data were collected 
on ~ 65 sampling dates from June 2017 through October 
2019 (weekly in 2017 and bi-weekly in 2018 and 2019). Dur-
ing each sampling, water quality parameters (e.g., tempera-
ture and specific conductivity) were measured in the field 
using a YSI Pro DSS sonde. Irradiance (PAR) was measured 

with a LI-COR model LI-1400 data logger equipped with 
underwater and surface quantum sensors (LI-192SA and 
LI-190SA, respectively). Underwater irradiance measure-
ments consisted of vertical profiles at 0.5-m intervals with 
two or more replicate profiles obtained at each sampling. 
Light attenuation coefficients (Kd; m−1) were derived from 
a linear regression of log-transformed down-welling irradi-
ance versus depth (Kirk 2011). Water samples were obtained 
near the surface (< 1 m) and analyzed for TSS, turbidity, 
CHLa, and DOC. CDOM was measured for 1 year (begin-
ning October 2018) at all sites except JMS UTF.

Sample Analysis

Water samples were analyzed by the VCU Environmental 
Analysis Lab, a state-accredited water quality testing facility. 
Turbidity was measured with a HACH model 2100 Turbi-
dimeter. CHLa samples were filtered thru Whatman GF/A 
glass filters (0.5-μm nominal pore size), extracted for 18 h in 
buffered acetone and analyzed on a Turner Design TD-700 
Fluorometer. TSS was determined gravimetrically using pre-
weighed, pre-combusted filters (0.5 μm). DOC was meas-
ured by persulphate digestion followed by infrared detec-
tion using a Schimadzu TOC analyzer. CDOM samples were 
filtered (0.5 μm) and the filtrate analyzed at a wavelength 

Fig. 1   Map of site locations in the James upper (JMS UTF) and lower (JMS LTF) tidal fresh segments, Mattaponi (MPN OH) and Pamunkey 
(PMK OH) oligohaline segments, and the York mesohaline (YRK MH) segment
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of 440 nm using a Schimadzu UV-1800 (5-cm pathlength) 
dual-beam spectrophotometer.

Other Data Sources

River discharge measured at USGS Fall Line stations was 
used to assess the influence of freshwater inputs on light 
attenuation and associated variables. Daily mean dis-
charge was obtained from USGS stations on the James  
(at Richmond; #02037500), Appomattox (at Matoaca; 
#02041650), Mattaponi (near Beulahville; # 01674500),  
and Pamunkey Rivers (near Hanover; #01673000). Dis-
charge for the JMS LTF site was calculated by combining 
daily values from the Richmond and Appomattox stations. 
Daily discharges for the York MH site were calculated by 
combining discharge values from the Mattaponi and Pamun-
key stations. The 7-day mean discharge preceding each sam-
pling event was used in the data analysis.

We supplemented data collected for this study with long-
term data (1994–2019) from the Chesapeake Bay Program 
(obtained from CBP DataHub). Light attenuation data were 
available for two sites (TF5.5 and RET4.3) in the same loca-
tions as our study sites (JMS LTF and York MH, respec-
tively). We also selected a station in the tidal fresh segment 
of the Pamunkey (TF4.2), which was in proximity to our 
PMK OH site. At each station, underwater light intensity 
was measured at depth intervals of either 0.25 or 0.5 m. Each 
station was visited on average 8 times a year at somewhat 
irregular intervals. Ancillary data for these sites included 
turbidity, TSS, CHLa, and DOC.

For the James, we assessed inter-annual variability in 
light availability for primary producers (see below), using 
incident PAR and turbidity data collected at the research 
pier of the VCU Rice Rivers Center, which is located ~ 2 km 
from the JMS LTF site (Bukaveckas et al. 2020). Turbidity 
data were collected at 15-min intervals using a YSI EXO2 
water quality sonde and converted to daily average values. 
Sondes were calibrated every 2–3 weeks as per manufac-
turer’s recommendations. Incident PAR data were collected 
at 15-min intervals using a LI-COR surface quantum sensor 
(LI-190SA) and converted to total daily values.

Data Analysis

Statistical analyses were performed to assess inter-site differ-
ences and to relate variation in light attenuation to variables 
potentially affecting water clarity. One-way ANOVAs were 
used to test for significant differences in light attenuation 
and ancillary variables among sites. To identify variables 
influencing light attenuation, we tested both univariate, lin-
ear models and multivariate, non-linear models. The former 
have the advantage that they can be parameterized from a 

single measured variable (e.g., turbidity) and provide easily 
interpreted measures of effect size (e.g. the rate of change 
in light attenuation per unit of turbidity). Linear regressions 
were used to examine relationships between light attenuation 
and each of the predictor variables (turbidity, TSS, CHLa, 
DOC, CDOM, and discharge) and among the independent  
variables (e.g., turbidity vs TSS, CDOM vs DOC). For the  
multivariate, non-linear analysis, we used generalized addi-
tive models (GAMs). GAMs were used to model the effects 
of suspended solids (TSS or turbidity), algae (CHLa), and  
dissolved organic matter (CDOM or DOC) on  light  
attenuation. GAMs are non-parametric, which makes  
them well-suited for non-normal data, and are capable of 
capturing non-linear relationships (Morton and Henderson 
2008; Murphy et al. 2019; Yang and Moyer 2020). For mod-
eling light attenuation, they have the advantage of depicting 
the response of Kd to each predictor variable, conditioned 
on all other variables. Long-term data from the Chesapeake 
Bay Program were also analyzed using GAMs to test for 
seasonal patterns and long-term trends. Predictor variables 
for modeling light attenuation were day of year (to describe 
seasonal patterns) and decimal date (to assess long term-
trends). Similar models were tested to assess seasonal pat-
terns and long-term trends in turbidity, TSS, CHLa, and 
DOC. Regressions and ANOVAs were performed using the 
“base” R package; GAMs were performed using the “mgcv” 
package in RStudio. The package default thin plate regres-
sion spline was used to depict inter-annual variability; a 
cyclic cubic regression spline was used to depict seasonal 
effects. All GAM results were scaled to center on the mean 
to assess the effect of each predictor variable.

For the James, we analyzed underwater light conditions 
and tested for relationships with CHLa and GPP. Underwa-
ter light conditions were characterized based on the aver-
age irradiance within the mixed layer, which in this case 
was equivalent to the average depth of the water column as 
neither temperature nor salinity gradients were present. The 
daily total irradiance averaged over the water column (Iwc; E 
m−2 day−1) was derived using the equation from Gosselain 
et al. (1994):

where Is is daily incident PAR (E m−2 day−1), Kd (m−1) is the 
light attenuation coefficient, and Zmean is the average depth 
of the James lower tidal fresh segment (2.5 m). This analy-
sis required daily estimates of Kd, which we derived from 
daily average values of turbidity obtained at the Rice Pier. 
The relationship between Pier turbidity and measured Kd 
at the nearby main channel station (JMS75) was modeled 
using a GAM, which also incorporated day of year as an 
explanatory variable (model R2 = 0.50, p < 0.001). Model-
derived daily Kd values were used along with measured 

Iwc = Is∕(Kd × Zmean).
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incident PAR to calculate daily underwater PAR (Iwc). We 
derived daily underwater PAR for April–October of each 
year (2017–2019) and determined the number of days within 
each year characterized by favorable light conditions. We 
considered favorable light conditions to be days when Iwc 
was greater than 5 E m−2 day−1 based on previous studies 
showing that riverine phytoplankton are predominantly light, 
not nutrient limited, when daily irradiance falls below this 
value (Koch et al. 2004). As prior work has documented the 
importance of water residence time in affecting algal bloom 
development in the James, we also considered the potential 
for interactive effects by determining how the occurrence 
of favorable light conditions varied in relation to discharge. 
We characterized dates when the preceding 7-day mean 
discharge was less than 100 m3 s−1 (equivalent to ~ 30-day 
freshwater replacement time; FRT) as indicative of favorable 
water residence time conditions. Lastly, we used GAMs to 
depict the conditional response of CHLa to FRT and Kd, 
and to model monthly average daily GPP as a function of 
monthly average incident PAR (Is), FRT and Kd. GPP data 
for this analysis were taken from Tassone and Bukaveckas 
(2019) and were derived from diel oxygen data collected at 
the Rice Pier.

Results

Estuarine Hydrology

Typical low discharge conditions during the outset of 
the study in summer-fall 2017 extended into winter 
2017–2018 (Fig. 2). The persistence of baseflow con-
ditions resulted in progressively increasing freshwater 
replacement times, which reached 150  days (Pamun-
key), 100 days (Mattaponi), and 80 days (James). There-
after, followed a prolonged period of above average 
discharge, which extended from winter-spring 2018 
to include summer and fall of 2018 and winter-spring 
2019. Due to unusually high precipitation during this 
period, discharge during the 2019 water year (October 
2018 to September 2019) ranked in the top 10%-tile of 
long-term annual average values for all three rivers. Over 
this 15-month span (March 2018 to June 2019), freshwa-
ter replacement time was consistently low (e.g., James 
mean = 12 days) and well below typical summer values 
(James = 50–60 days). The concluding portion of the 
study (July to October 2019) marked a return to typical 
low summer discharge and longer freshwater replacement 
time. Overall, the 3-year study encompassed a wide range 
of discharge and FRT conditions, but could be character-
ized as having unusually high river inputs due to above 
average rainfall in 2018.

Factors Influencing Water Clarity

The estuaries exhibited significant differences in light attenu-
ation and associated water clarity variables (Fig. 3). The JMS 
upper tidal fresh site had the greatest water clarity, while the 
Mattaponi and Pamunkey sites had the lowest water clar-
ity. Average light attenuation ranged from 1.85 ± 0.15 m−1 
(JMS UTF) to 3.23 ± 0.11 m−1 (PMK OH), corresponding 
to photic depths (1% light penetration) of 2.5 m (JMS UTF) 
and 1.4 m (PMK OH). Inter-site differences in light attenu-
ation tracked patterns in turbidity and TSS, with higher val-
ues observed among the Mattaponi, Pamunkey, and York 
sites relative to the James sites (p < 0.001). The James sites 
also exhibited significantly lower CDOM (p = 0.025) and 
DOC (p < 0.001) relative to the Mattaponi, Pamunkey and 
York sites. Inter-site differences in CHLa did not follow 
light attenuation or other variables, as highest CHLa was 
observed at the JMS lower tidal fresh and York sites, with 
lower and similar levels among the other 3 sites.

Univariate, linear regressions were used to test for rela-
tionships between light attenuation with turbidity, TSS, 
CDOM, and CHLa. Light attenuation was positively 

Fig. 2   Daily average instantaneous discharge (bars) and estuarine 
freshwater replacement time (FRT, lines) of the James, Pamunkey, 
and Mattaponi during the period of study (2017–2019)
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correlated with turbidity and TSS at each of the five sites, 
though model parameters (slope and correlation) differed 
among sites (Fig.  4). The James sites generally exhib-
ited stronger correlations between light attenuation and 
turbidity or TSS relative to the Mattaponi, Pamunkey, 
and York sites. Across sites, models based on turbidity 
accounted for a greater proportion of variation in light 
attenuation (R2 = 0.43 to 0.85) than models based on TSS 
(R2 = 0.20 to 0.73). Regression slopes indicate that the 
rate of change in Kd as a function of turbidity was higher 
among the JMS UTF (0.052 ± 0.003  m−1 NTU−1) and 
JMS LTF (0.050 ± 0.005 m−1 NTU−1) sites relative to the 
Mattaponi (0.036 ± 0.005  m−1 NTU−1) and Pamunkey 
(0.043 ± 0.006 m−1 NTU−1) sites. TSS models yielded simi-
lar results with larger slopes for the JMS UTF and LTF sites 
(0.054 ± 0.004 and 0.068 ± 0.007 m−1 mg−1 L−1, respec-
tively) compared to the Mattaponi, Pamunkey and York sites 
(range = 0.019 to 0.026 m−1 mg−1 L−1). Turbidity and TSS 
were themselves significantly correlated at each of the sites 
(p < 0.001) though the strength of the relationship varied 
among sites (R2 = 0.28 to 0.85; data not shown). Regres-
sion slopes indicate that the amount of turbidity per unit 
of TSS was twofold higher at the JMS UTF and LTF sites 
(1.03 ± 0.06 and 0.99 ± 0.13 NTU mg−1 L−1, respectively) 
compared to the Mattaponi, Pamunkey, and York sites 
(range = 0.38 to 0.54 NTU mg−1 L−1). Light attenuation was 
significantly positively correlated with CDOM at 3 of the 4 
sites (excluding York; no data for JMS UTF). At the JMS 
LTF site, CDOM accounted for a smaller proportion of the 
variation in light attenuation (R2 = 0.26) relative to turbidity 

(R2 = 0.63) and TSS (R2 = 0.62), whereas at the Mattaponi 
and Pamunkey sites, the proportion of variation explained 
by CDOM was comparable to the SPM variables. CHLa was 
not a significant predictor of light attenuation in univariate 
models for any of the 5 sites. DOC was not significantly cor-
related with light attenuation or CDOM at any of the sites.

Light attenuation and related variables were affected 
by variations in river discharge at some, but not all sites 
(Fig. 5). Discharge accounted for a small but significant 
proportion of the variation in Kd at two sites (JMS UTF and 
York MH). At these sites, as well as the JMS LTF site, there 
was a significant positive effect of discharge on turbidity 
(R2 = 0.14 to 0.35; p < 0.01). Increases in discharge were also 
associated with higher CDOM as indicated by significant 
positive relationships at 3 of the 4 sites (excluding York; 
R2 > 0.50, p < 0.001). We also tested the utility of salinity 
(specific conductance) as a predictor of variations in CDOM. 
We found that CDOM declined with increasing conductiv-
ity as indicated by significant negative relationships at 3 of 
the 4 sites (excluding York). The proportion of variation 
in CDOM accounted for by conductivity was consistently 
lower than models based on discharge (R2 = 0.18 to 0.52; 
data not shown).

Generalized additive models were used to depict the 
conditional response of light attenuation to each of the 
predictor variables (turbidity, CHLa and DOC; Fig. 6). 
The GAMs accounted for over 70% of the variation in 
light attenuation at each site, except for the Pamunkey 
(R2 = 0.44). Turbidity exhibited the greatest influence on 
light attenuation with Kd increasing from ~ 2 to > 5 m−1 

Fig. 3   Inter-site differences in light attenuation (Kd), turbidity, TSS, 
CHLa, CDOM, and DOC among stations in the James upper (JMS 
UTF) and lower (JMS LTF) tidal fresh segments, Mattaponi (MPN 

OH) and Pamunkey (PMK OH) oligohaline segments, and the York 
mesohaline (York MH) segment (some outliers not visible)
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over a range of turbidity from 10 to 60–70 NTU. By con-
trast, DOC exhibited weak, and in most cases not signifi-
cant effects on light attenuation. DOC was used in this 
analysis rather than CDOM due to the greater time span 

of data, and the availability of data for all five sites. Sub-
stituting CDOM for DOC in the GAM analysis yielded a 
significant effect at only one site (JMS LTF, p = 0.002). 
There was a significant positive effect of CHLa on light 

Fig. 4   Relationships between light attenuation (Kd) and turbidity, 
TSS, chlorophyll-a (CHLa), and CDOM for the James River upper 
(JMS UTF) and lower (JMS LTF) tidal fresh segments, Mattaponi 

(MPN OH) and Pamunkey (PMK OH) oligohaline segments, and the 
York mesohaline (York MH) segment. Regression lines are for mod-
els with statistically significant results (p < 0.05)
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attenuation at JMS LTF (p = 0.009) and York (p < 0.001), 
which were the sites exhibiting highest CHLa (up to 80 
and 50  µg L−1, respectively). The range of response 
in light attenuation to increasing CHLa (from ~ 2.2 
to 2.6  m−1) was small in comparison to the effects of 
turbidity. Overall, the multivariate, non-linear models 
accounted for a greater proportion of the variation in light 
attenuation than the best univariate, linear models based 
on turbidity alone. The change in light attenuation was 
nearly linear over the full range of turbidities observed at 
the James (UTF and LTF) and Mattaponi sites, whereas at 
the Pamunkey and York sites, light attenuation plateaued 
in the higher range of turbidities (> 40 NTU).

Implications for Primary Producers

The availability of long-term monitoring data for the James 
tidal fresh segment allowed us to assess the influence of 
variable water clarity on GPP and CHLa. The occurrence 
of light and discharge conditions favorable for algal bloom 
development varied considerably between years. In 2017, 
favorable conditions were observed on 34% of days dur-
ing the growing season, whereas in the year with high dis-
charge (2018), the frequency of occurrence was only 9% 
(Fig. 7). Differences between the two years were largely 
due to the direct effects of discharge as the proportion of 
dates indicating favorable water residence time conditions 

Fig. 5   River discharge as a predictor of estuarine light attenuation, 
turbidity, and CDOM in the James River upper (JMS UTF) and lower 
(JMS LTF) tidal fresh segments, Mattaponi (MPN OH) and Pamun-

key (PMK OH) oligohaline segments, and the York mesohaline (York 
MH) segment (no CDOM for JMS UTF). Models with statistically 
significant results (p < 0.05) display regression lines
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(discharge < 100 m3 s−1) differed by fourfold (58 and 13% in 
2017 and 2018, respectively). By comparison, the proportion 
of dates with favorable light conditions was more similar 

between years (63 and 55%, respectively). The GAM analy-
sis revealed that both freshwater replacement time and light 
attenuation were significant predictors of CHLa (p < 0.001 

Fig. 6   Results of GAM analysis 
depicting the effects of turbid-
ity, DOC, and chlorophyll-a 
(CHLa) on light attenuation in 
the James (JMS), Mattaponi 
(MPN), Pamunkey (PMK), and 
York estuaries. R2 values are the 
total variation explained by the 
three predictor variables
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and p = 0.02, respectively). CHLa showed a near linear 
increase up to a freshwater replacement time of ~ 40 days, 
and declined somewhat thereafter. CHLa was also positively 
related to light attenuation though the range of response 
(~ 15 µg L−1) was small in comparison to the effects of FRT 
(~ 45 µg L−1). The overall model accounted for 58% of the 
variation in CHLa (RMSE = 14.4). Monthly averages of 
daily GPP were found to be significantly related to incident 
PAR (p < 0.001) and FRT (p = 0.004) and marginally related 
to light attenuation (p = 0.09). The largest range of response 
for GPP was observed in relation to incident PAR (from 3 
to 18 g O2 m−2 day−1). GPP exhibited a smaller range of 
response in relation to FRT (from 7 to 12 g O2 m−2 day−1) 
and light attenuation.

Long‑term Trends

GAM analysis of Chesapeake Bay Program data revealed 
long-term trends of decreasing light attenuation at the 
York MH (p = 0.007) and James LTF (p = 0.054) sites 
(Fig. 8; Table 1). At both sites, light attenuation declined 
from ~ 3.6 m−1 to 2.8 m−1 over a 25-year span, corresponding 

to an increase in photic depth from 1.3 to 1.6 m. Declines in 
light attenuation were accompanied by significant decreas-
ing trends in turbidity from ~ 28 to ~ 15 NTU (p = 0.028 and 
p < 0.001 for JMS and York, respectively). The Pamunkey 
site exhibited a marginally significant increasing trend in 
light attenuation (p = 0.074) but no significant trend in tur-
bidity. There were no significant long-term trends in DOC 
or CHLa among the three sites. The York and Pamunkey 
sites exhibited similar seasonal patterns in light attenuation 
with summer minimum values of ~ 2.5 m−1 following spring 
maxima of 3.5–4.0 m−1 (data not shown). Seasonal patterns 
in light attenuation tracked patterns in turbidity. No consist-
ent seasonal patterns in light attenuation or turbidity were 
observed in the James.

Discussion

Our findings indicate that suspended particulate matter is 
the primary agent affecting light attenuation among upper 
segments of the James and York Estuaries. In univariate 
models, SPM, whether measured as TSS or turbidity, was 

Fig. 7   Water clarity conditions 
in the lower tidal fresh segment 
of the James and linkages to phy-
toplankton abundance and pro-
duction. Upper panels: frequency 
of occurrence of favorable 
light (Iwc > 5 E m−2 day−1) and 
discharge (< 100 m3 s−1) condi-
tions during April–October of 
2017 and 2018. Middle panels: 
GAM results predicting CHLa 
based on freshwater replacement 
time (FRT) and light attenuation 
(Kd). Lower panels: GAM results 
predicting monthly average GPP 
based on incident solar radiation 
(PAR), FRT and Kd
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the best predictor of light attenuation at all sites. In multi-
variate models (GAMs), SPM was associated with a larger 
range of response in light attenuation than was observed 
for other variables. We observed mostly linear responses 
in light attenuation to increasing turbidity and TSS over 

the full range of measured values. The Pamunkey and 
York sites were an exception in that we observed a satu-
rating response in light attenuation at the high end of the 
range (turbidity > 40 NTU). At high turbidities, the photic 
zone is compressed and the standard method of quantifying 

Fig. 8   Results from GAM 
analysis depicting long-term 
trends in light attenuation, 
turbidity, and DOC among sites 
in the James lower tidal fresh, 
Pamunkey tidal fresh, and York 
mesohaline (data from Chesa-
peake Bay Program)

Table 1   Results of GAM 
analysis depicting seasonal 
(day of year; DoY) and inter-
annual (date) effects on light 
attenuation (Kd), turbidity, 
chlorophyll-a (CHLa), and 
DOC based on data collected 
at Chesapeake Bay Program 
monitoring stations (1994–
2019)

Model Site Segment Adj. R2 RMSE s (DoY) p (DoY) s (Date) p (Date)

Kd James LTF 0.06 1.28 1.30 0.054 4.53 0.046
Pamunkey TF 0.11 1.02 1.00 0.074 3.67  < 0.001
York MH 0.17 1.24 1.00 0.007 2.62  < 0.001

Turbidity James LTF 0.07 19.6 4.03 0.10 1.74 0.028
Pamunkey TF 0.26 8.6 3.44  < 0.001 1.66 0.44
York MH 0.27 13.2 3.72  < 0.001 1.00  < 0.001

CHLa James LTF 0.45 14.2 3.43  < 0.001 8.51 0.009
Pamunkey TF 0.19 4.6 2.00  < 0.001 6.18 0.008
York MH 0.14 14.0 4.00 0.002 7.55 0.026

DOC James LTF 0.38 0.68 5.20  < 0.001 1.47 0.15
Pamunkey TF 0.21 1.07 3.00  < 0.001 1.00 0.42
York MH 0.08 0.76 1.85 0.026 1.50 0.65
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underwater irradiance at fixed depth intervals yields fewer 
observations in the measureable range. We cannot discount 
the possibility that the apparent plateau in light attenuation 
is an artifact of having fewer measurements, though we did 
not observe this effect at the James and Mattaponi sites at 
similar turbidity levels. Profiles obtained during high turbid-
ity conditions yielded correlation coefficients comparable to 
those for profiles collected during low turbidity conditions 
(R2 > 0.90). Using turbidity alone (univariate linear models), 
we were able to predict light attenuation with an RMSE of 
0.40 to 0.65 across sites. This range of errors corresponds 
to 16 to 23% of the average light attenuation. By compari-
son, the non-linear multivariate models had lower RMSs 
(0.25 to 0.44) corresponding 11 to 14% of mean values. Our 
findings suggest that light attenuation at these sites can be 
modeled reasonably accurately based on turbidity alone, but 
that inclusion of DOC and CHLa, and the use of non-linear 
models, provided stronger predictive power.

In these upper estuarine segments, externally-derived 
(non-algal) particulates were the main source of suspended 
particulate matter. CHLa was generally a weak predictor of 
inter- and intra- site variation in light attenuation, despite 
high CHLa levels observed at two of the sites (JMS LTF, 
York MH). Prior work in the James, based in part on stable 
C isotopes, showed that algae comprise up to 60% of the 
organic component of SPM during the summer peak (Wood 
et al. 2016), but the overall organic content of SPM was low 
(17 ± 1%), indicating that the bulk of this material is inor-
ganic. The large catchment of the James River encompasses 
upland areas in the Piedmont and Appalachian Mountain 
regions where erosion and sediment yield is high (Gellis 
et al. 2009). By comparison, the Mattaponi and Pamunkey 
are mostly situated in the lowland Coastal Plain where ero-
sive forces are weaker. Differences in sediment loads among 
these basins may explain why stronger correlations between 
SPM and light attenuation were observed in the James rela-
tive to the Pamunkey and Mattaponi. We also detected dif-
ferences in effect size in that light attenuation increased 
more rapidly per unit of TSS or turbidity in the James rela-
tive to the Pamunkey and Mattaponi. Though we lack data 
on particle size, these findings suggest that the delivery of 
finer materials from the James watershed may exert stronger 
negative effects on water clarity. Overall, our hypothesis that 
phytoplankton should play a greater role in influencing water 
clarity in the James was not supported due to the over-riding 
effects of external inputs of inorganic particulate matter.

Although our findings indicate that SPM is the pri-
mary component of light attenuation, dissolved substances 
were important to inter-estuarine differences. Our ability 
to model their effects was constrained by limited CDOM 
data (1 year) and by the fact that DOC was not a useful 
surrogate for CDOM at these sites. Positive correlations 
between CDOM and DOC have been reported in both fresh 

and marine waters (Bukaveckas & Robbins-Forbes 2000; 
Ferrari 2000; Rochelle-Newall and Fisher 2002; Stedmon 
et al. 2003). The lack of correlation at our sites may be due 
to mixing of diverse source waters (Fall Line inputs, local 
runoff, and tidal inputs from the lower estuary), which differ 
in the chromophoric component of DOC. Despite limited 
data, the results show elevated CDOM in the Pamunkey and 
Mattaponi relative to the James and York. In the Pamunkey 
and Mattaponi, the proportion of variation in light attenu-
ation accounted for by CDOM was comparable to that of 
SPM, whereas in the James, neither CDOM nor DOC were 
strong predictors of site-specific variation in light attenua-
tion. Another means of assessing the potential importance 
of CDOM is by comparing intercepts for the relationship 
between light attenuation and turbidity. The intercept repre-
sents the potential contribution of water and dissolved sub-
stances to light attenuation in the absence of turbidity (i.e., 
predicted Kd at turbidity = 0). Larger intercepts were derived 
for the Mattaponi (2.22 m−1) and Pamunkey (2.08 m−1) 
relative to the James (1.62 m−1) and York (1.33 m−1). The 
intercepts were strongly correlated with average CDOM 
(R2 = 0.94, p = 0.029). These findings are consistent with 
our hypothesis that extensive wetland and floodplain areas 
adjacent to the Pamunkey and Mattaponi serve as important 
source areas for CDOM. These estuaries derive a larger pro-
portion of their hydrologic inputs from local runoff relative 
to Fall Line inputs. Local (ungauged) inputs were estimated 
based on the proportion of contributing area below the Fall 
Line (James = 10%, Mattaponi = 51%, Pamunkey = 36%). 
The Pamunkey and Mattaponi receive a greater proportion 
of inputs from within the Coastal Plain, which is character-
ized by sandy soils with limited capacity to retain DOC. By 
comparison, the James Estuary is more constricted, with 
minimal floodplain and wetland areas, and receives a greater 
proportion of hydrologic inputs from sources above the Fall 
Line (i.e., outside the Coastal Plain). These findings suggest 
that differences in the geomorphic settings of the estuaries 
may account for the greater importance of CDOM to light 
attenuation in the Pamunkey and Mattaponi.

Light attenuation was principally controlled by external 
inputs of SPM and CDOM, rather than internally derived 
sources of particulate matter via algal production. Despite 
this, we did not find that light conditions in these estuar-
ies were highly sensitive to external forcing events, despite 
unusually high river discharge during the study period. Dis-
charge accounted for a small proportion of the variation in 
light attenuation in the James upper tidal fresh segment, and 
in the York, but was not a significant predictor of Kd at the 
Pamunkey, Mattaponi or James LTF sites. Prior work has 
shown that during high discharge, sediment inputs at the Fall 
Line are rapidly attenuated down the estuary, in part due to 
the delivery of heavier materials during events (Bukaveckas 
et al. 2019; 2020). At locations more distant form the Fall 
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Line (e.g., James LTF, PMK and MPN OH), there is little 
change in light attenuation in response to elevated Fall Line 
discharge. For these analyses, we used the 7-day average 
discharge preceding each sampling event. Data on transit 
times from the Fall Line to each sampling location might 
allow us to better align variation in discharge with estuarine 
responses, though analyses using shorter and longer aver-
age discharge values did not improve these relationships. 
Our findings suggest that internal processes (tidal forces) 
were more important to maintaining suspended loads than 
the external drivers (storm events) regulating their delivery 
to the estuary. Strong tidal forces act to maintain a relatively 
constant suspended sediment load irrespective of changes in 
sediment delivery at the Fall Line. Interestingly, discharge 
was a stronger predictor of CDOM than for TSS or turbidity. 
Increases in estuarine CDOM with elevated discharge may 
be due to displacement of DOC-rich water from surface and 
sub-surface storage zones following rain events (Zarnetske 
et al. 2018). In these low salinity segments, we did not find 
that conductivity was a strong predictor of CDOM, as has 
been observed in studies spanning a broader range of salinity 
conditions (Xu et al. 2005).

We have previously shown that elevated discharge affects 
the metabolic balance of the James and Pamunkey estuar-
ies due to larger declines in GPP relative to respiration 
(Bukaveckas et al. 2020). We attributed the suppression of 
GPP during high discharge to flushing effects (advective 
loss) on phytoplankton. In this paper, we show that reduced 
GPP following storm events cannot be attributed to dimin-
ished water clarity as light attenuation in the James LTF was 
not appreciably affected by discharge. More broadly, our 
data suggest that freshwater replacement time has a larger 
effect on phytoplankton biomass and production in the James 
than water clarity, given the current range of water clarity 
conditions. Near-linear increases in both GPP and CHLa 
were observed up to a water residence time of ~ 40 days, 
beyond which there was little change. These findings suggest 
that with prolonged low discharge conditions, other factors 
(e.g., nutrient limitation, grazing) may exert greater con-
trol over production and biomass accrual as also indicated 
by recent modeling studies (Qin and Shen 2021). Seasonal 
factors such as incident solar radiation act to broadly con-
strain GPP, but there was little additional explanatory power 
gained from inclusion of water clarity in models predicting 
GPP. Current water clarity conditions likely act to maintain 
a stable state of phytoplankton-dominated production in the 
James due to constraints on SAV colonization imposed by 
the shallow photic depth. Despite the limited photic depth 
(~ 1.5 m), the broad and relatively shallow channel (mean 
depth = 2.5 m) provides favorable light conditions for phy-
toplankton in comparison to the deeper, more constricted 
upper tidal fresh segment. A partial release from light limita-
tion, along with longer water residence time, results in high 

GPP and recurring algal blooms (CHLa up to 100 µg L−1) 
in this segment of the James.

Water clarity conditions are improving at some sites, but 
are insufficient to facilitate a transition from phytoplankton 
to SAV dominance. Analysis of the Chesapeake Bay Pro-
gram data showed that light attenuation at the James (LTF) 
and York sites has decreased by ~ 20% over a 25-year span. 
The improvement in water clarity corresponds to a decrease 
in turbidity, but no change in CHLa. A recent analysis of 
flow-normalized trends has shown that suspended sediment 
loads reaching the Fall Line of the James have declined by 
20% from 1985 to 2019 (Moyer and Blomquist 2020). These 
trends, along with our data showing weak relationships 
between CHLa and light attenuation, suggest that declining 
inputs of inorganic particulate matter are the likely cause for 
improvements in water clarity, rather than declines in algal 
abundance. The large (> 50%) reduction in nutrient loads to 
the James Estuary following upgrades to wastewater treat-
ment plants (Bukaveckas & Isenberg 2013) have not appreci-
ably reduced phytoplankton abundance. This is in marked 
contrast to recent changes in nearby Gunston Cove (Poto-
mac Estuary) where reductions in point source inputs led 
to reductions in CHLa (from > 80 to 20 μg L−1), decreased 
light attenuation (from 3.7 to 2.0 m−1), and recovery of SAV 
over the span from 1991 to 2017 (Jones 2020). Monitoring 
of SAV by the Virginia Institute of Marine Science shows 
that coverage in the James lower tidal fresh segment has 
increased from < 40 ha prior to 2005 to greater than 200 ha 
in recent years. Despite their expansion, SAV coverage 
remains very limited (~ 1% of total area) likely because the 
James is too deep given current water clarity conditions. The 
CBP considers an irradiance of 13% (relative to sub-surface) 
at 1 m to be the minimum light requirement for SAV growth 
in tidal fresh and oligohaline segments (Batiuk et al. 2000). 
The larger decrease in light attenuation at Gunston Cove (by 
1.7 m−1) relative to the James (by 0.8 m−1) resulted in an 
increase in light at 1 m from 2 to 14%. Over a similar time 
span, light reaching 1 m in James increased from 3 to 6% of 
sub-surface. If the current trend continues, we predict that 
the James tidal fresh segment may attain the minimum light 
requirement by 2044.

Conclusions

Overall, our findings indicate that suspended particulate 
matter was the primary factor affecting inter-site and intra-
site variation in light attenuation among upper segments of 
the James and York Estuaries. SPM metrics, whether meas-
ured as turbidity or TSS, yielded stronger correlations and 
larger effect sizes for the James sites, which may reflect the 
greater contribution of fine particulate matter originating 
from mountainous areas in the upper watershed. CDOM 
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played a greater role in light attenuation among segments 
receiving a greater proportion of runoff from lowland 
(Coastal Plain) sources (Pamunkey and Mattaponi Estuar-
ies). The algal fraction of SPM was not an important com-
ponent of light attenuation owing to the high proportion of 
inorganic suspended particulates. These findings suggest 
that management actions focusing on reducing sediment 
loads (e.g., stream bank and bed stabilization) may have a 
greater benefit for improving water clarity in the upper estu-
ary than nutrient reductions to limit phytoplankton biomass. 
Long-term monitoring data from the Chesapeake Bay Pro-
gram indicate that increases in water clarity and decreases 
in turbidity have been accompanied by a modest expansion 
of SAV coverage at some sites. If trends observed over the 
past 25 years continue over the next 25 years, light penetra-
tion may be sufficient to favor a shift from a phytoplank-
ton- to SAV-dominated state, as has been observed in other 
systems. Characterizing the underwater light climate in tur-
bulent, turbid systems remains a challenge, though recent 
advances in sensor technology and modeling efforts have 
shed light on the interactions between flow, depth, and water 
clarity (Gardner et al. 2019; Wang et al. 2021). We hope 
findings presented here provide a better understanding of 
factors regulating light attenuation in the upper estuary and 
aid in management decisions aimed at restoring estuarine 
water clarity.
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