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Abstract In coastal ecosystems with long flushing times
(weeks to months) relative to phytoplankton growth rates
(hours to days), chlorophyll a (chl-a) integrates nutrient load-
ing, making it a pivotal indicator with broad implications for
ecosystem function and water-quality management. However,
numerical chl-a criteria that capture the linkage between chl-a
and ecosystem impairments associated with eutrophication
(e.g., hypoxia, water clarity and loss of submerged aquatic
vegetation, toxic algal blooms) have seldom been developed
despite the vulnerability of these ecosystems to anthropogenic
nutrient loading. Increases in fertilizer use, animal wastes, and
population growth in the Chesapeake Bay watershed since
WorldWar II have led to increases in nutrient loading and chl-
a. We describe the development of numerical chl-a criteria
based on long-term research and monitoring of the bay. Base-
line chl-a concentrations were derived using statistical models

for historical data from the 1960s and 1970s, including terms
to account for the effects of climate variability. This approach
produced numerical chl-a criteria presented as geometric
means and 90th percentile thresholds to be used as goals and
compliance limits, respectively.We present scientific bases for
these criteria that consider specific ecosystem impairments
linked to increased chl-a, including low dissolved oxygen
(DO), reduced water clarity, and toxic algal blooms. These
multiple lines of evidence support numerical chl-a criteria
consisting of seasonal mean chl-a across salinity zones rang-
ing from 1.4 to 15 mg m−3 as restoration goals and corre-
sponding thresholds ranging from 4.3 to 45 mg m−3 as com-
pliance limits. Attainment of these goals and limits for chl-a is
a precondition for attaining desired levels of DO, water clarity,
and toxic phytoplankton prior to rapid human expansion in the
watershed and associated increases of nutrient loading.
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Introduction

As an index of phytoplankton biomass, chlorophyll a con-
centration (chl-a) is an important measure of water quality in
estuaries such as Chesapeake Bay. Significant seasonal and
interannual increases of chl-a since World War II have been
related to increases in anthropogenic nutrient loading to the
estuary (cf. Harding and Perry 1997). Contemporary
loadings of total nitrogen (TN) and total phosphorus to
the bay and its tributaries have reached ∼14 g N m−2-
year−1 and 1.1 g P m−2 year−1, respectively (Boynton
et al. 1995), including a 2.5-fold increase of TN loading
from the Susquehanna River between 1945 and 2001
that has decreased slightly thereafter (Hagy et al. 2004).
Compelling scientific evidence has led to a consensus
that anthropogenic loads of N and P underlie the deg-
radation of water quality in this large (11,600 km2)
estuarine ecosystem (Kemp et al. 2005).

Climate variability significantly affects chl-a in the bay via
freshwater runoff and associated delivery of sediments and nu-
trients from an extensive (165,000 km2) watershed (Malone
1992; Harding and Perry 1997; Adolf et al. 2006; Miller and
Harding 2007). Long-term discharge records for the Susquehan-
na River (US Geological Survey—http://waterdata.usgs.gov)
and a synoptic climatology for the mid-Atlantic region (Miller
et al. 2006) reveal wet and dry years. Since the mid-1980s, this
pattern has been associated with large seasonal and interannual
variations in chl-a and associated impairments (Malone et al.
1988, 1996;Miller andHarding 2007). Consequently, it has been
difficult to resolve a secular trend of chl-a during this period
(Harding and Perry 1997).

Efforts to develop chl-a criteria have resulted in subjec-
tive narrative criteria that are intended to promote “habitat
health” in the bay:

Concentrations of chlorophyll-a in free floating micro-
scopic plants (algae) shall not exceed levels that result in
ecologically undesirable consequences—such as re-
duced water clarity, low dissolved oxygen (DO), food
supply imbalances, proliferation of species deemed po-
tentially harmful to aquatic life or humans or aestheti-
cally objectionable conditions—or otherwise render tid-
al waters unsuitable for designated uses (Chapter V, p.
103 in US Environmental Protection Agency 2003).

The absence of numerical chl-a criteria constituting objec-
tive, scientifically sound goals based on ecosystem impair-
ments, however, limits the evaluation of progress toward
restoration.

Research and monitoring over the last half century have
identified specific ecosystem impairments associated with
nutrient over-enrichment and high chl-a in Chesapeake Bay.
These include seasonal hypoxia and anoxia (Malone 1992;
Smith et al. 1992; Hagy et al. 2004; Bricker et al. 2007),
decreased water clarity and associated declines in the spatial
extent of submerged aquatic vegetation (SAV) (Dennison
et al. 1993; Kemp et al. 2004), and toxic algal blooms (Mar-
shall et al. 2005, 2009; Mulholland et al. 2009; Morse et al.
2011). Here we present scientific bases to establish numerical
chl-a criteria that will aid decision makers in restoring and
sustaining the water quality of coastal ecosystems.

We posed the following questions:

& How can quantitative links between chl-a and specific
ecosystem impairments be established?

& Howwell do numerical (quantitative) chl-a criteria based
on these different ecosystem impairments agree?

Three approaches were used to address these questions:
(1) establish baseline chl-a by analyzing historical and recent
data with statistical models, (2) quantify effects of climate
variability on chl-a by including terms for freshwater flow in
the models, and (3) identify relationships between chl-a and
specific ecosystem impairments. Results are consistent
suggesting a way forward for other coastal ecosystems where
flushing times are long relative to phytoplankton generation
times.

Methods

Historical chl-a

Measurements of chl-a are not available for Chesapeake
Bay prior to the onset of anthropogenic influence. How-
ever, extensive data from research and monitoring span-
ning six decades provide time series of measurements
that provide useful reference points to establish numer-
ical chl-a criteria. We used historical data (1950–1983)
from archives of the Environmental Protection Agency
Chesapeake Bay Program (CBP) and monitoring data
from the Chesapeake Bay Water Quality Monitoring
Program (hereafter CBP Monitoring Program, 1985–
2011) to determine baseline chl-a. Spatial and temporal
coverage of chl-a in the 1950s was too limited to derive
numerical chl-a criteria, but data for the 1960s and
1970s were sufficiently resolved to support our analy-
ses. We reasoned that numerical chl-a criteria reflecting ear-
lier conditions might be attainable by achieving nutrient re-
ductions, despite the fact that chl-a in the 1960s and 1970s did
not represent conditions for an unimpaired ecosystem.

An earlier analysis (Harding and Perry 1997) was extended
using surface chl-a and vertical chl-a profiles for 1950 through
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2011 from the CBP data hub (http://www.chesapeakebay.net).
Analytical methods, including filter type, solvent, instrumentation,
equations, and calibration, were evaluated and geo-referenced data
were assembled from sources that used comparable methods as
described by Harding and Perry (1997). Depth-averaged water
column chl-a was computed from vertical profiles. Data were
aggregated for oligohaline (OH), mesohaline (MH), and
polyhaline (PH) salinity zones (Fig. 1) to capture along-axis
variability of key water-quality properties that affect the spatial
distribution of chl-a (Harding et al. 1986; Fisher et al. 1988).
Seasonal aggregations consisted of five categories defined as
winter (January, February, March), spring (April, May), transition
(June), summer (July, August, September), and fall (October,
November, December) to capture the annual phytoplankton cycle
in the bay (Malone 1992; Harding and Perry 1997).

Surface and depth-averaged chl-a were logarithmically
transformed (base 10) to achieve normality and used as de-
pendent variables in generalized additive models (GAMs) and
general linear models (GLMs) (Wood 2006; SAS Institute, Inc
1993). GAMs were used to quantify historical trends of flow-
adjusted annual mean chl-a. GLMs were used to determine
characteristic distributions of chl-a by decade, season, and
salinity zone while segregating effects due to climate-driven
variability of freshwater flow. A set of eight variables was
selected, consisting of decade, month (within season), season,
salinity zone, two-way interactions of decade and salinity
zone, decade and season, decade and month, and salinity zone
and season, and a three-way interaction of decade, salinity
zone, and season.

Observations for wet and dry years corresponding to high-
flow and low-flow conditions, respectively, were used to
develop numerical chl-a criteria to account for climate var-
iability. We used salinity nested within a salinity zone as an
independent variable in GLMs to capture the effects of
freshwater flow. Nesting salinity as a continuous variable
within a categorical salinity zone assured the salinity term
represented flow rather than the spatial distribution of chl-a
along the salinity gradient of the bay. Historical data were
compiled from projects with distinct goals and sampling
designs, resulting in unequal temporal coverage, and we
were unable to estimate flow-lag and flow-averaging win-
dows to use freshwater flow directly as an independent
variable in GLMs. A direct correspondence between salinity
and freshwater flow was confirmed using data from the CBP
Monitoring Program and US Geological Survey. For each
month and decade, the 10th percentile, median, and 90th
percentile of salinity were computed for each salinity zone.
A synthetic prediction data set with log10 chl-a set to “miss-
ing” was created with one observation for each decade,
month, salinity zone, and salinity value. Water temperature
and station depth were set to median values. The predicted
value of log10 chl-a was obtained using a GLM for each of
these synthetic observations. Outputs were: GLM (10th sa-
linity percentile)=high-flow prediction; GLM (median salin-
ity percentile)=mid-flow prediction; GLM (90th salinity
percentile)=low-flow prediction.

Climate conditions were categorized as wet, long-term aver-
age (LTA), or dry using daily freshwater flow from the Susque-
hanna River (US Geological Survey) and a synoptic climatology
for the mid-Atlantic region based on sea-level pressure patterns
(Miller et al. 2006). Flow-based categorizations used the long-
term (1945–2011) annualmean discharge of 35.5×109m3 year−1

as a cutoff point. Values 10 % greater than the mean were
considered wet and those 10 % less than the mean were consid-
ered dry. Synoptic climatology categorizations used frequencies
of ten sea-level pressure patterns capturing regional weather with
data from the National Climate Data Center. Climate conditions
(wet precipitation) indicated by freshwater flow and synoptic

Fig. 1 Map of Chesapeake Bay showing major cities, tributaries,
salinity zones, and station locations
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climatology were compared, and each year was assigned a
designation to aggregate chl-a data.

Geometric means (GMs) and 90th percentile thresholds of
surface and depth-averaged chl-a were determined for each
historical reference period, salinity zone, and climate condi-
tion. Mean chl-a was defined as the “goal” based on a histor-
ical reference period, and the corresponding 90th percentile
threshold chl-a was the “compliance limit” above the mean
that should rarely be exceeded by a population of chl-a char-
acterizing that period. The upper threshold was based on the
distribution of values for a uni-dimensional population of chl-
a for the 1960s and 1970s using the 90th percentile to allow
10 % non-compliance. Selection of 10 % as an allowable
frequency of non-compliance was based on guidance
from environmental managers and the availability of
extensive data from the CBP Monitoring Program to
test compliance (US Environmental Protection Agency
2003). Additional details on statistical methods are
presented in Supplemental Material.

Dissolved Oxygen

Numerical chl-a criteria were derived from relationships
between chl-a and DO using 20 years of data from the
CBP Monitoring Program (1985–2004). DO, chl-a, salinity,
and temperature data were acquired for 15 stations in
oligohaline, mesohaline, and polyhaline salinity zones in
mainstem Chesapeake Bay and one station near the mouths
of two tidal tributaries (Choptank and Patuxent Rivers) using
the CBP data hub (Fig. 1). Several models of Yellow Springs
Instruments and Sea-Bird sensors were used to measure DO,
salinity, and temperature on cruises conducted one to two
times per month. A Turner Designs model 10 fluorometer
calibrated with pure chl-a standards was used to determine
chl-a on acetone extracts of particulates collected on
Whatman GF/F filters. Data were aggregated over several
time frames, including calendar year, water year, and season,
to capture the seasonal offset of chl-a maxima and DO
minima in establishing relationships.

Statistical relationships were analyzed using SigmaPlot v.11
integrated with SigmaStat v.3. Simple linear and multiple
linear regression (MLR) models were applied to mean summer
bottom-water DO and water depth, surface chl-a, and the
salinity difference between surface and bottom waters (ΔS)
to develop relationships for the bay and tributaries. The
Choptank River represented a rural tributary on the eastern
shore of the bay with low population density (59 km−2) and
significant agriculture (61 % of land use), and the Patuxent
River represented a more developed tributary on the western
shore with high population density (262 km−2) and high
wastewater inputs (235×106 L day−1) (Fisher et al. 2006).

Water Clarity

Numerical chl-a criteria were derived based on the light re-
quirements of SAV to meet restoration targets for Chesapeake
Bay (Batiuk et al. 1992). This approach recognizes that light
penetration sufficient to support SAV places a constraint on
chl-a (Gallegos 1994, 2001). Correspondence analysis be-
tween SAV distribution and light attenuation indicated that
SAV in the oligohaline salinity zone require on average 13 %

Fig. 2 a–c Time-series (1950–2011) of annual geometric means
(GM±SE) of surface chl-a for three salinity zones in Chesapeake Bay.
Curves are outputs of GAMs that were highly significant (p<0.001)
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of surface irradiance, while those growing in mesohaline and
polyhaline salinity zones require 22 % (Carter et al. 2000;
Kemp et al. 2004). Radiative transfer modeling using
Hydrolight 4.2 was used to link inherent optical properties
(i.e., absorption and scattering coefficients) to the attenuation
coefficient for downwelling irradiance, Kd (Kirk et al. 1994;
Mobley 1994). Concentrations of chl-a and other bio-optically
active constituents allowing penetration of specified percentages
of PAR (13 or 22 %, depending on salinity zone) to depths
historically known to support SAV were computed.

Light attenuation in the water column is associated with
pure water and three classes of materials, including chl-a,
colored dissolved organic matter (CDOM), and non-algal
particulates (NAP) (Roesler et al. 1989). We derived chl-a
criteria by allocating a fixed fraction of the allowable atten-
uation to chl-a beyond that due to pure water alone. We
chose the fraction 0.30 (30 %) for attenuation by chl-a based
on extensive bio-optical observations in lower Chesapeake
Bay and the mid-Atlantic Bight (Magnuson et al. 2004;
Schofield et al. 2004; Harding et al. 2005), a suitable refer-
ence condition that will prevent dominance of attenuation by
chl-a. By this approach, chl-a is independent of other factors
(CDOM, NAP) that may dominate light attenuation in other
sections of the bay. Sensitivity of calculated chl-a criteria to
the fraction of attenuation allocated to chl-a was also exam-
ined with the fraction set at 0.25 and 0.35.

Depths to which SAVonce grew vary with location, and the
concentrations of attenuators allowing adequate light penetra-
tion for SAV depend greatly on this depth. An analysis of
historical SAV coverage in the bay was used to assign “appli-
cation depths” of 0.5, 1.0, or 2.0 m based on the light

Fig. 3 a–c Surface chl-a during
the spring bloom from airborne
remote sensing of ocean color in
Chesapeake Bay (http://
www.cbrsp.org) in: a warm/
wet; b long-term average; c
cool/dry conditions (adapted
from Miller and Harding 2007).
These images depict average
March to May chl-a using data
interpolated at 1-km2 resolution
and aggregated by prevailing
climate conditions

Fig. 4 a, b GMs and 90th percentile thresholds of surface chl-a under
mid-flow conditions for 1960s and 1970s historical reference periods
by salinity zone. Asterisks over data bars identify GMs for the 1960s to
highlight surface chl-a values that we are presenting as goals
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requirements of SAV species (US Environmental Protection
Agency 2003; Kemp et al. 2004). Fractions of surface PAR
penetrating to these application depths with pure water as the
only attenuator, FZw, were calculated using Hydrolight.
Denoting the fraction of surface light required by SAV as Flr,
the fraction that must be transmitted by all other constituents is

given by F lr
FZw

� �
. Treating the water column above potential

SAV habitat as a transmittance filter, the required transmittance

allocated to chl-a is F lr
FZw

� �0:3
and that allocated to all other

constituents is F lr
FZw

� �0:7
. The fraction, Fchl-a, of surface PAR

remaining at an application depth after attenuation by chl-a
(and associated CDOM) is given by Eq. 1 as:

Fchl�a ¼ FZw
F lr

FZw

� �0:3

ð1Þ

Hydrolightwas used to calculate the concentration of chl-a that
allowed the fraction of surface PAR, Fchl-a, to penetrate to
specific application depths. Additional details of the bio-
optical model and Hydrolight simulations are given in the
Supplemental Material.

Toxic Algal Blooms

The relationship between chl-a and abundance ofMicrocystis
spp., a toxic algal species that has been linked to health risks in
tributaries of Chesapeake Bay, was examined using data from
the CBP Monitoring Program (1984–2006). Microcystis spp.
form summer blooms and produce microcystins, forms of
hepatotoxins that affect aquatic life and humans. Source data
consisted of chl-a concentrations, cell counts of Microcystis
spp. from preserved samples, salinity, water temperature, nu-
trient concentrations, water transparency, DO, and organic

Table 1 Summary of numerical
chl-a criteria based on the 1960s
historical reference period in-
cluding flow-adjusted values to
account for climate variability

OH oligohaline,MHmesohaline,
PH polyhaline
a Spring—Mar–May;
summer—Jul–Aug
b 90th percentile chl-a
concentration

Method Seasona Salinity zone Numerical chl-a criteria

Mean (mg m−3) Thresholdb (mg m−3)

Low-flow Spring OH 6.4 20

MH 2.2 6.9

PH 1.1 3.3

Summer OH 17 53

MH 6.3 20

PH 1.3 3.9

Mid-flow Spring OH 5.9 18

MH 2.6 8.2

PH 1.4 4.3

Summer OH 15 45

MH 7.2 22

PH 1.6 5.0

High-flow Spring OH 5.3 16

MH 3.3 10

PH 2.0 6.2

Summer OH 13 40

MH 8.7 27

PH 2.1 6.4

Table 2 Summary statistics for simple linear regressions of mean summer bottom-water DO (in milligrams per liter) on surface chl-a (in milligrams
per cubic meter) averaged over the designated intervals

Site Regression statistic Calendar year Water year Mean Jan–Aug Mean May–Aug
chl-a chl-a

Chesapeake Bay R2 0.23** 0.23** 0.23** 0.27**

Slope −0.123±0.020 −0.127±0.021 −0.098±0.016 −0.076±0.011

Tidal tributaries R2 0.12** 0.11** 0.11** 0.07*

Slope −0.105±0.025 −0.082±0.021 −0.076±0.020 −0.046±0.015

*p<0.05; **p<0.01 (significance levels)
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carbon. Toxin concentrations were separately determined on
live samples collected by theMaryland Department of Natural
Resources (MD DNR, 2000–2006). Ecosystem impairments
by toxic algal blooms were based on human-health risk, using
published chl-a and microcystin concentrations that were
converted from cell counts using a toxin yield per cell
of 2×10−7 mg microcystin cell−1 (NHMRC 2005).

Classification and Regression Tree (CART) analysis, a non-
parametric statistical method in S-Plus (2005) with no assump-
tions about linearity or normality of independent and depen-
dent variables, was used to evaluate water quality relationships
in the salinity range of 0–5 favorable to Microcystis spp. The
response variable was abundance of Microcystis spp. as cell
counts (in cells per liter) with three categories of human-health
risk, and the independent variables were chl-a, phaeophytin,
salinity, Secchi depth, orthophosphate (PO4), dissolved inor-
ganic nitrogen (NH4, NO2, NO3), dissolved organic carbon,
particulate carbon, and water temperature. Risk categories
were based on cell counts obtained from the literature, where
low-level risk was <1×107 cells L−1, mid-level risk was 1–
5×107 cells L−1, and high-level risk was >5×107 cells L−1 (US
Environmental Protection Agency 2007b). Low-level risk
corresponded to protection from microcystin toxin levels
>1 μg L−1 considered by the World Health Organization as a
safety threshold for chronic drinking water exposure (Chorus
and J. Bartram 1999; NHMRC 2005). Mid-level risk was
considered protective of children, with minimal risk of expo-
sure to microcystin >10 μg L−1 (NHMRC 2005). High-level
risk corresponded to microcystin concentrations >10 μg L−1.
The chl-a thresholds derived from the CART analysis were
compared with data from the CBP Monitoring Program for
waters experiencing blooms ofMicrocystis spp. The frequency
distribution of log10 chl-a was then used to compute mean
log10 chl-a corresponding to the branch point from CART that
represented the 90th percentile of the distribution.

Results

Historical chl-a

Phytoplankton biomass in Chesapeake Bay has increased
during the past 60 years as shown by annual GMs of surface
chl-a for 1950–2011 (Fig. 2a–c). GMs for the oligohaline
salinity zone were ∼3.5 mg m−3 in the early 1950s, increased
to 4.5–9.3 mg m−3 in the 1960s, and reached 18–23 mg m−3

by the early 1970s. From the mid-1970s to 1985–2011, annual
GMs declined frommaxima >20mgm−3 to current (2006–11)
values of 9.1–11 mg m−3. Annual GMs for the mesohaline
salinity zone increased from 0.78–0.89 mg m−3 in 1950–51 to
1.9–6.0 mgm−3 by the mid-1960s, reaching 3.5–10mgm−3 in
the mid- to late-1970s. This upward trajectory was similar to
that for the oligohaline salinity zone, except annual GMs for

the mesohaline salinity zone continued to increase during the
CBP Monitoring Program, reaching current (2006–11) values
of 8.3–13 mg m−3. Annual GMs for the polyhaline salinity
zone increased from 0.39–0.83 mg m−3 in 1950–51 to 1.4–
2.0 mg m−3 by the late-1960s, reaching 4.1–8.1 mg m−3 in the
late-1970s. Annual GMs for the polyhaline salinity zone
showed high interannual variability during the CBP Monitor-
ing Program, ranging broadly from 4.0 to 11 mg m−3 and
reaching current (2006–11) values of 5.4–7.2 mg m−3.

Airborne remote sensing of ocean color (http://www.cbrsp.org)
revealed strongly contrasting chl-a distributions in warm/wet and
cool/dry years (Fig. 3a–c). Surface chl-a during the spring bloom
ranged 10–20 mg m−3 in warm/wet years, compared to 4–
8 mg m−3 in cool/dry years, with a LTA (16 years)∼6–
10 mg m−3. This effect of climate variability on surface chl-a
prompted us to incorporate the effects of freshwater flow in our
statistical models, producing numerical chl-a criteria for low-flow,
mid-flow, and high-flow conditions.

Mid-flow outputs of surface chl-a as GMs and 90th per-
centile thresholds for the 1960s and 1970 illustrate the spatial
and temporal variability of numerical chl-a criteria (Fig. 4a,
b). GMs for the 1960s and 1970s ranged 1.4–11 mg m−3 in
spring and 1.6–17 mg m−3 in summer. Model outputs were
lower for the 1960s than the 1970s for all three salinity zones
in both spring and summer. GMs for the 1960s presented as
goals ranged 1.4–5.9 mgm−3 in spring and 1.6–15 mg m−3 in
summer, with the highest values for the oligohaline salinity
zone and the lowest for the polyhaline salinity zone. The
90th percentile thresholds for the 1960s presented as

Fig. 5 Non-linear regression (negative, hyperbolic) of mean bottom-
layer DO on mean May–Aug surface chl-a for four stations in the
oligohaline (CB3), mesohaline (CB4, CB5), and polyhaline (CB6)
salinity zones of the bay. Vertical arrows show surface chl-a corre-
sponding to minimum DO criteria for fish (2 mg L−1) and the 30-day
DO criterion (3 mg L−1). The 30-day mean DO criterion is based on
deep-water DO concentrations that protect against losses in egg survival
and larval recruitment of fish species inhabiting subpycnocline waters
during summer months (US Environmental Protection Agency 2003).
Dashed vertical lines show surface chl-a corresponding to intersections
of the regression line with these DO criteria. The R2 value and signif-
icance level of the regression are shown on the panel
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compliance limits ranged 4.3–18 mg m−3 in spring and 5.0–
45 mg m−3 in summer. GMs and 90th percentile thresholds
for depth-averaged chl-a were similar to those for surface
chl-a and are presented in Supplemental Material.

Model outputs as GMs and 90th percentile thresholds
under low-flow, mid-flow, and high-flow conditions provide
goals and compliance limits accounting for climate variabil-
ity (Table 1). GMs for the mesohaline and polyhaline salinity
zones were higher under high-flow than low-flow condi-
tions, increasing from 2.2 to 3.3 mg m−3 for the mesohaline
and from 1.1 to 2.2 mg m−3 for the polyhaline in spring, with
similar responses to flow in summer. The effects of flow
were opposite in sign for the oligohaline salinity zone with
lower GMs under high-flow conditions. Flow conditions
also affected the 90th percentile thresholds, with higher
thresholds for mesohaline and polyhaline salinity zones un-
der high-flow conditions than under mid- or low-flow con-
ditions and higher thresholds for the oligohaline salinity zone
under low-flow than under high-flow conditions.

Dissolved Oxygen

Significant relationships were found between chl-a, depth,
and DO using data for the mainstem bay. Simple linear
regression of mean summer bottom-water DO on depth
explained a significant (p<0.05) amount of the variance
(R2=0.57). Adding a term for chl-a (mean Jan–Aug chl-a)
to depth produced a significant MLR model with an in-
creased R2:

DO ¼ 5:84−0:0519� chl−a−0:0946� depth

R2 ¼ 0:63; p ¼ 0:031
� � ð2Þ

A MLR model including terms for chl-a, depth, and ΔS had
a greater R2 than Eq. 2, but just exceeded the minimum value
for significance (p=0.057).

We found significant negative relationships between
mean summer bottom-water DO and mean surface chl-a for
the bay and two tidal tributaries. Table 2 summarizes the
statistics for simple linear regressions of bottom-water DO
on surface chl-a averaged over several time scales (i.e.,
calendar year, water year, Jan–Aug, May–Aug). There was
a significant, negative hyperbolic relationship between mean
summer bottom-water DO and mean May–Aug chl-a using
data for stations in the mainstem bay (R2=0.31, p<0.01) that
explained a greater amount of the variance than a linear fit
(Fig. 5). A shift to low summer bottom-water DO occurred at
high chl-a, with no observations of DO>3 mg L−1 at mean
May–Aug chl-a>16 mg m−3 or DO>2.0 mg L−1 at mean
May–Aug chl-a>21 mg m−3 (vertical arrows, Fig. 5).

Ecosystem impairments by lowDOwere defined by values
of 3 and 2 mg L−1. These are depicted as horizontal dashed
lines on Fig. 5, representing the deep-water 30-day mean DO

Fig. 6 Linear regressions of: a mean bottom-layer DO on mean Jan–
Aug surface chl-a; bmean bottom-layer DO on summerΔS for the tidal
Choptank River

Fig. 7 Linear regression of bottom-layer DO in summer on annual
mean surface chl-a for the Choptank and Patuxent Rivers. Dashed
vertical lines show surface chl-a corresponding to intersections of the
regression line with 2 and 3 mg L−1 DO criteria (see Fig. 6). The R2

value and significance level of the regression are shown on the panel

Estuaries and Coasts



criterion and the minimum DO for fish, respectively (US
Environmental Protection Agency 2003). Surface chl-a corre-
sponding to intersections of the non-linear regression with DO
values of 3 and 2 mg L−1 were 7.2 and 10.7 (rounded to 11)
mg m−3, depicted by vertical dashed lines in Fig. 5. We
present these concentrations as numerical chl-a criteria anal-
ogous to mean surface chl-a derived for historical reference
periods. The attainment of May–Aug chl-a in this range is
required to achieve increases of DO to the specified values in
the mainstem Bay. May–Aug chl-a of 16 and 21 mg m−3 are
values of chl-a above which no DO observations meeting DO
criteria were observed. These higher values of chl-a are anal-
ogous to the 90th percentile thresholds that we derived using
data for historical reference periods. We found DO<3 mg L−1

occurred in the oligohaline salinity zone (CB3) at mean May–
Aug chl-a of 11–16 mg m−3, likely reflecting the proximity to
nutrient sources, bathymetry, and density stratification. Simi-
larly, DO<2 mg L−1 occurred in the mesohaline salinity zone
(CB4, CB5) at mean May–Aug chl-a of 6–10 mg m−3, indi-
cating reductions of chl-a from current conditions (Fig. 2)
would be required to meet DO criteria for the mainstem Bay.

A negative relationship between DO and surface chl-a
was also found for the tidal Choptank River. A MLR model
showed a significant negative linear relationship of bottom-
water DO and the independent variables mean Jan–Aug chl-
a and ΔS, dominated by ΔS as:

DO ¼ 6:51−0:0361 � Jan−Aug chl−a−1:22 �ΔS

R2 ¼ 0:73; p < 0:05
� � ð3Þ

Mean Jan–Aug chl-a>15 mg m−3 was associated with
bottom-water DO of 3–5 mg L−1, and the lowest chl-a values
were associated with the highest bottom-water DO (Fig. 6a).
The relationship between DO and ΔS was stronger than
between DO and surface chl-a (Fig. 6b). Substituting mean
chl-a for different time frames as the biomass term in Eq. 3
produced similar relationships.

Comparative data for the tidal Choptank and Patuxent
Rivers showed similar negative relationships of summer
bottom-water DO and surface chl-a, using annual mean chl-
a as the biomass term (Fig. 7). DO decreased with increased
chl-a in the tidal Choptank River, but did not decline below
3 mg L−1, even at annual mean chl-a>20 mg m−3. DO was
<2 mg L−1 in the tidal Patuxent River at annual mean chl-a of
9–11 mg m−3 and decreased further to ∼1 mg L−1 at annual
mean chl-a≥14 mg m−3. Simple linear regression showed a
significant (p<0.01) negative relationship between summer
bottom-water DO and annual mean chl-a using data for these
contrasting tributaries (Fig. 7). The slope of the regression
represents a chl-a-specific decline of summer bottom-water

Table 3 Chl-a criteria derived from Hydrolight 4.2 modeling of light attenuation by chl-a and phytoplankton-derived CDOM

Tidal fresh/oligohaline Mesohaline/polyhaline

Flr=0.13 Flr=0.22

SSAVapplication depth (m) FZw Fchl-a chl-a (mg m−3) Fchl-a chl-a (mg m−3)

0.5 0.920 0.511 62 0.599 44

1.0a 0.853 0.485 28 0.568 19

2.0b 0.748 0.443 12 0.518 7.9

Flr fraction of surface PAR required by SAV in different salinity zones, FZw fraction of surface PAR penetrating to a given SAV application depth
accounting for attenuation by pure sea water alone, Fchl-a fraction of surface PAR required to penetrate to three SAV application depths after
allocating 30 % of non-water light attenuation to chl-a and phytoplankton-derived CDOM, chl-a concentration allowing the fraction, Fchl-a, of
surface PAR to penetrate to a given application depth
a 1.0 m application depth is the Tier 2 SAV restoration goal established by EPA (Batiuk et al. 1992)
b 2.0 m application depth is the Tier 3 SAV restoration goal

Fig. 8 Fraction of surface PAR (Fchl-a) remaining at three application
depths as a function of surface chl-a, calculated usingHydrolightwith a
phytoplankton absorption spectrum for Chesapeake Bay and a case 1
bio-optical model for CDOM and scattering. Dotted line shows surface
chl-a of 12 mg m−3 derived for a 2-m application depth and the
allowable fraction for SAV in tidal-fresh and oligohaline salinity zones
(Fchl-a=0.443); solid line shows surface chl-a of 28 mg m−3 derived for
1-m application depth (Fchl-a=0.485, see Table 4)
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DO of 190 mg O2 (mg chl-a)−1. Vertical dashed lines in Fig. 7
show intersections of the regression line with DO criteria of 3
and 2 mg L−1, corresponding to annual mean chl-a of
14.2 mg m−3 as the numerical chl-a criterion and a threshold
of 20.1 mg m−3 (rounded to 14 and 20 mg m−3). These
relatively high values reflect the different DO–chl-a relation-
ships in the tidal Choptank and Patuxent Rivers. Annual mean
chl-a>20 mg m−3 would meet DO criteria in the Choptank
River, while chl-a<9 mg m−3 would be required to achieve
DO>2–3 mg L−1 in the Patuxent River (Fig. 7).

Water Clarity

Radiative transfer modeling with Hydrolight demonstrated
that the fraction of surface PAR reaching three SAVapplica-
tion depths declined monotonically with chl-a due to light
attenuation by chl-a and phytoplankton-derived CDOM
(Fig. 8). Procedures for calculating mean and threshold chl-
a concentrations are illustrated for a 2-m application depth
and a light requirement of 13 % (Flr=0.13) applicable to
SAV in tidal fresh and oligohaline salinity zones. For the
fraction transmitted to 2 m by pure water, FZw=0.748, we
calculated the fraction of surface irradiance that must remain
after attenuation by chl-a, Fchl-a=0.443, using Eq. 1. Mean
surface chl-a permitting 0.443 of surface PAR to reach an
application depth of 2 m was then computed as 12 mg m−3

(Table 3; Fig. 8). Following the same procedures, using the
fraction transmitted to 1 m by pure water, FZw=0.853, we
calculated the fraction of surface irradiance that must remain
at the shallower application depth after attenuation by chl-a,
Fchl-a=0.485. Mean surface chl-a permitting 0.485 of surface

PAR to reach an application depth of 1 m was then computed
as 28 mg m−3 (Table 3; Fig. 8).

Model outputs for application depths of 2 and 1 m in the
tidal-fresh and oligohaline salinity zones illustrate surface
chl-a that allow sufficient light penetration to meet SAV
restoration targets (Fig. 8). Surface chl-a concentrations per-
mitting SAV restoration to 2 and 1 m, respectively, are
analogous to the means and thresholds for chl-a based on
historical analyses and other ecosystem impairments pro-
posed as numerical chl-a criteria. Applied to other applica-
tion depths and light requirements, Fchl-a ranged from 0.443
to 0.511 for the tidal fresh and oligohaline salinity zones
where SAV require 13 % of surface PAR (Kemp et al. 2004)
and from 0.518 to 0.599 for mesohaline and polyhaline
zones where SAV require 22 % of surface PAR (Table 3).
These values correspond to surface chl-a of 12–62 mg m−3

for tidal fresh and oligohaline salinity zones and 7.9–
44 mg m−3 for mesohaline and polyhaline salinity zones
(Table 3; Fig. 9). Mean surface chl-a for application depths

Fig. 10 Simple, linear regressions of: aMicrocystis spp. abundance (in
cells per liter) on chl-a (in milligrams per cubic meter) (log–log) for
tidal-fresh and oligohaline (TF/OH) salinity zones; b concentrations of
the toxin microcystin on cell counts of Microcystis spp

Fig. 9 Hydrolight derivations of numerical chl-a criteria as a function
of application depth for SAV having light requirements characteristic of
tidal-fresh and oligohaline (TF/OH) salinity zones (squares), and
mesohaline and polyhaline (MH/PH) salinity zones (circles). Vertical
bars show the range of variation in chl-a criteria calculated by varying
the fraction of non-water attenuation allocated to chl-a from 0.25 (lower
bar) to 0.35 (upper bar)
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of 2 and 1 m as goals and compliance limits, respectively,
were 7.9 and 19 mg m−3 for mesohaline and polyhaline
salinity zones and 12 and 28 mg m−3 for tidal fresh and
oligohaline salinity zones. Varying the fraction of attenuation
allocated to chl-a and phytoplankton-derived CDOM from
0.25 to 0.35 at each application depth and salinity zone
produced ∼18 % variation around the value obtained using
0.30 as the fraction, depicted as range bars in Fig. 9.

Toxic Algal Blooms

Concurrent measurements of surface chl-a and cell counts of
Microcystis spp. in tidal fresh and oligohaline salinity zones
experiencing toxic blooms (salinity≤5) showed a significant
log-linear relationship (p<0.05) for upper Chesapeake Bay
and four of seven tidal tributaries (Fig. 10a), with the stron-
gest relationship observed for the Potomac River (Table 4).
A positive log-linear relationship (p<0.05) was also found
between cell counts of Microcystis spp. and microcystin con-
centrations (Fig. 10b), enabling us to link toxin concentrations
to surface chl-a. CART analysis indicated a chl-a threshold
separating high-level risk of exposure to microcystin from
middle- and low-level risk of 29 mg m−3. We considered
published management-action chl-a from Australian studies
(NHMRC 2005) and results of CART analysis to establish a
chl-a threshold of 28 mg m−3 that would be protective against
toxicMicrocystis spp. in the tidal fresh and oligohaline salinity
zones of Chesapeake Bay (US Environmental Protection
Agency 2007a, b). This value was lowered further to
25 mg m−3 based on cumulative impacts of microcystin ex-
posure, synergistic effects of toxins (anatoxin-a and
microcystin), and the co-occurrence of multiple toxins during
blooms (Fitzgeorge et al. 1994; Tango and Butler 2008).Mean
chl-a of 15 mg m−3 corresponding to the 90th percentile
threshold of 25 mg m−3 was computed using the frequency
distribution of surface chl-a data from the CBP Monitoring
Program for waters impacted by Microcystis spp. blooms.

Discussion

Setting numerical water quality criteria has important impli-
cations for managing water quality and sustaining living re-
sources in coastal ecosystems. Our approach addressed these
requirements by combining retrospective assessments of wa-
ter quality conditions prior to declines in the spatial extent of
SAV and increases in DO-depleted bottom waters with
process-based analyses to establish site-specific links between
water quality concentrations (chl-a) and impairments. We

Fig. 11 a–cHistorical trajectories of annual mean chl-a vs. TN loading
for oligohaline, mesohaline, and polyhaline salinity zones

Table 4 Regression statistics (log–log) for Microcystis (in cells per
liter) on chl-a (in milligrams per cubic meter) for upper Chesapeake Bay
and tidal tributaries (1984–2004)

Subestuary n Regression equation R2 p value

Upper Bay 102 y=0.186x−0.285 0.20 <0.0001

Choptank R. 95 y=0.138x+0.192 0.24 <0.0001

Patapsco R. 7 y=0.211x−1.133 0.27 0.235

Patuxent R. 107 y=0.230x−0.044 0.19 <0.0001

Potomac R. 148 y=0.304x−0.913 0.54 <0.0001

James R. 85 y=0.125x+0.520 0.09 0.0143

Rappahannock R. 44 y=0.072x+0.731 0.04 0.231

York R. 27 y=0.080x+0.362 0.06 0.280
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suggest this approach is relevant to ongoing efforts at setting
criteria for other coastal ecosystems, although the water qual-
ity parameters and specific impairments may differ. Details on
derivation and implementation, attainability, and linkage to
impairments are discussed below.

Derivation and Implementation

Baseline chl-a data were not available for Chesapeake Bay
prior to European settlement or for the next three centuries,
complicating an assessment of anthropogenic influences on
the ecosystem. Measurements in the post-World War II pe-
riod (1950s–1970s) provided the earliest data for a less-
impacted bay, supporting development of numerical chl-a
criteria based on historical reference periods (Table 1). A
similar statistical approach was proposed recently for Florida
coastal waters using SeaWiFS satellite retrievals of chl-a
(1997–2010) combined with in situ observations (Schaeffer
et al. 2012). We derived numerical chl-a criteria using sta-
tistical models for two periods (1960s and 1970s), two sea-
sons (spring and summer), three salinity zones (oligohaline,
mesohaline, and polyhaline), and three flow conditions (low,
mid, and high flow). The resulting GMs and 90th percentile
thresholds constitute goals and compliance limits, respec-
tively (Fig. 4a, b; Table 1). Here we propose implementation
of criteria based on the 1960s historical reference period,
including flow adjustments to account for climate variability.

Attainability

Adhering to numerical chl-a criteria presented here (Table 1) will
require sustained reductions in nutrient loading which begs the
question, are numerical chl-a criteria based on historical refer-
ence periods attainable? Duarte et al. (2009) presented the con-
cept of “Neverland” for several northern European ecosystems,
arguing from chl-a vs. TN loading trajectories that a return to
less-impacted conditions by reducing nutrients may take a non-

linear route so that reaching pre-enrichment chl-a levels may be
unrealistic. Carstensen et al. (2011) applied a similar approach
using annual average chl-a vs. nutrient concentrations for a range
of coastal ecosystems to emphasize the need to consider shifting
baselines. Multiple changes in these ecosystems during the eu-
trophication period when nutrient inputs increased dramatically
were reasoned to make a straight-line decline to lower chl-awith
nutrient reductions alone an improbable trajectory. Given
changes in the impacts of human expansion on Chesapeake
Bay, such as increases in N loading, habitat loss, and overfishing
(Rothschild et al. 1994; Boynton et al. 1995; Hagy et al. 2004;
Kemp et al. 2005; Lellis-Dibble et al. 2008), shifting baselines is
likely to be an issue for Chesapeake Bay as well. An optimistic
sign for Chesapeake Bay is that the regression slopes of annual
average chl-a vs. TN concentrations for the mesohaline and
polyhaline salinity zones were among the steepest for 28 study
areas (Carstensen et al. 2011; their Fig. 3), suggesting respon-
siveness to nutrient reductions.

Pursuing the reasoning of Duarte et al. (2009), our analysis
of chl-a vs. TN loading trajectories using data for Chesapeake
Bay aggregated by salinity zone revealed non-linearities com-
parable to other systems, particularly for the oligohaline sa-
linity zone (Fig. 11a–c). Annual mean chl-a during the 1970s
was >20 mg m−3 in the oligohaline salinity zone and declined
to half that concentration following the phosphate ban (Fisher
et al. 1992) in the early to mid-1980s (Fig. 11a). This decrease
of chl-a in the oligohaline salinity zone was apparently a result
of increased P-limitation after the mid-1980s (Fisher et al.
1992, 1999). This led to present-day concentrations ∼8–
12 mg m−3 at similar TN loadings as occurred in the past
(Fig. 2a). These findings suggest that N-limitation was more
pronounced in the mesohaline and polyhaline salinity zones
during the 1950s–1970s, contributing to lower chl-a in sea-
ward regions of the bay. We believe that phytoplankton
intercepted more N and P when they attained higher biomass
in the once P-replete oligohaline salinity zone, leading to
decreased throughput of N to the mesohaline and polyhaline

Fig. 12 Graphic comparison of
numerical chl-a criteria
developed using multiple lines
of evidence, showing means as
goals (solid lines) and 90th
percentile thresholds as
compliance limits (dashed
lines). The 90th percentile of
log-normal distributions of chl-
a was used directly to establish
thresholds for historical
reference periods and toxic algal
blooms, and the analogous
approach for DO and water
clarity/SAV used specific target
values for chl-a related to these
ecosystem impairments
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salinity zones (cf. Paerl et al. 2004) where N-limitation pre-
vails (Malone et al. 1996).

Climate variability during the last three decades has gener-
ated large interannual differences of freshwater flow and
nutrient loading. High-flow conditions delivered more nutri-
ents resulting in higher chl-a (Fig. 3a) while low-flow condi-
tions led to increased nutrient limitation and lower chl-a
(Fig. 3c). Shipboard, aircraft, and satellite observations docu-
mented the effects of climate variability on seasonal to
interannual variability of phytoplankton biomass, floral com-
position, and primary productivity (cf. Acker et al. 2005;
Adolf et al. 2006; Miller and Harding 2007). Numerical chl-
a criteria consisting of GMs and 90th percentile thresholds for
low-flow, mid-flow, and high-flow conditions (Table 1) pro-
vide goals and compliance limits adjusted for climate variabil-
ity (Fig. 3). Aligning these values with actual freshwater flow
for a given year constitutes implementation of flow-specific
numerical chl-a criteria, allowing us to gauge progress while
taking account of climate variability. This is an important step
to separate short-term effects on chl-a traceable to climate
variability from long-term trends that signal oligotrophication.

Linkage to Impairments

Relationships of chl-a to DO, water clarity, and toxic algae
were used to develop numerical chl-a criteria based on
ecosystem impairments, producing goals and compliance
limits comparable to those for historical reference periods
(Table 1; Fig. 12). Relationships between chl-a and DO
indicate mean May–Aug chl-a of 7.2–11 mg m−3 in the
deeper Bay (Fig. 5), and annual mean chl-a of 9.0–
14 mg m−3 in the tidal tributaries (Fig. 7) would preclude
low DO. Radiative transfer modeling using Hydrolight
showed that sufficient light conditions for SAV would re-
quire mean chl-a of 7.9–12 mg m−3 with thresholds of 19–
28 mg m−3 during the growing seasons for 2- and 1-m
application depths, respectively (Table 3; Fig. 9). Cell counts
of Microcystis aeruginosa linked to chl-a and microcystin
concentrations supported a goal of 15 mg m−3 and a thresh-
old of 25 mg m−3 for mean summer chl-a (Table 4; Fig. 10a,
b) that would lower the risk of human-health effects due to
toxic cyanobacteria (US Environmental Protection Agency
2007a, b, 2008). These ranges of numerical chl-a criteria are
consistent for several ecosystem impairments (Fig. 12), de-
spite the different spatial and temporal domains they cover.
This congruence is encouraging and further supports our
suggestion that the general approach adopted here should
have wide applicability in other systems.

Recognizing that major reductions of nutrient loading will
be required to adhere to goals and compliance limits for chl-a
based on the 1960s historical reference period, we suggest
that the adoption, application, and enforcement of these
criteria will move the bay toward conditions when ecosystem

impairments were less severe. Certainly, coastal ecosystems
such as Chesapeake Bay have changed in many ways in
addition to nutrient loading, but implementation of numeri-
cal chl-a criteria based on conditions in a less-impacted
ecosystem, supported by scientific evidence on impairments
linked to chl-a, is a prudent approach that we believe will
have positive consequences.
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