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Abstract
Estuarine primary production (PP) is a critical rate process for understanding ecosystem function and

response to environmental change. PP is fundamentally linked to estuarine eutrophication, and as such should
respond to ongoing efforts to reduce nutrient inputs to estuaries globally. However, concurrent changes includ-
ing warming, altered hydrology, reduced input of sediments, and emergence of harmful algal blooms (HABs)
could interact with nutrient management to produce unexpected changes in PP. Despite its fundamental impor-
tance, estuarine PP is rarely measured. We reconstructed PP in the York River Estuary with a novel mass balance
model based on dissolved inorganic nitrogen (DIN) for the period 1994–2018. Modeled PP compared well to
previous estimates and demonstrated a long-term increase and down-estuary shift over the study period. This
increase occurred despite reductions in discharge, flushing time, DIN loading, and DIN standing stock over the
same period. Increased PP corresponded to increased water temperature, decreased turbidity and light attenua-
tion, and increased photic depth and assimilation ratio, suggesting that phytoplankton in the York River Estu-
ary have become more efficient at converting nutrients into biomass primarily due to a release from light
limitation. The increase in PP also coincided with the increasing occurrence of late summer HABs in the lower
York River Estuary, including the emergence of a second bloom-forming dinoflagellate in 2007. Results demon-
strate how changes concurrent with nutrient management could alter expected system responses and illustrate
the utility of the mass balance approach for estimating critical rate processes like PP in the absence of
observations.

Estuaries are among the most productive ecosystems in the
world and provide numerous ecologically and economically
important goods and services (Costanza et al. 1997; Barbier
et al. 2011; Cloern et al. 2014). Estuarine primary production
(PP) generally provides the major input of organic carbon that
fuels the food web in these systems, and is therefore a critical
rate process for understanding system function, provision of eco-
system services, and response to environmental change. PP is
also fundamentally linked to estuarine eutrophication, defined
by Nixon (1995) as an increase in the rate of supply of organic
matter (either autochthonous or allochthonous) to an ecosys-
tem. Eutrophication causes numerous deleterious consequences
in estuaries, including excessive accumulation of phytoplankton
biomass, harmful (often toxic) algal blooms (HABs), reduced

light penetration, loss of seagrasses, hypoxia/anoxia, and loss of
fisheries (Cloern 2001; Kemp et al. 2005; Brush et al. 2021).

Estuarine PP is commonly controlled by nutrient availabil-
ity, especially nitrogen (N), because most temperate coastal
marine ecosystems are N-limited (Nixon 1986; Howarth and
Marino 2006; Paerl 2009). Rates of estuarine PP are often
strongly correlated to nitrogen loading both within and across
systems (Mallin et al. 1993; Boynton et al. 1995; Nixon et al.
1996). Accordingly, management efforts to reduce estuarine
eutrophication have relied mainly on reduction of nitrogen
loads, resulting in numerous improvements including reduced
nutrient and chlorophyll a (Chl a) concentrations, increased
light penetration and concentrations of dissolved oxygen, and
expanded seagrass habitat (Oviatt et al. 2017; Lefcheck et al.
2018; Boesch 2019).

Despite the direct link between nutrient loading and estua-
rine PP, rates of productivity are also influenced by additional
factors including climate change, the hydrologic cycle, and
emergence of HABs. Climate change has the potential to
impact the effectiveness of future nutrient management
actions due to increases in water temperature, changes in dis-
charge, and increased frequency and intensity of storms (Paerl
and Huisman 2008; Najjar et al. 2010; Paerl et al. 2014). For
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example, temperature increases associated with climate
change will likely require greater nutrient load reductions to
meet established dissolved oxygen criteria relative to reduc-
tions required under current temperatures (Lake and Brush
2015b; Irby et al. 2016). Changes in discharge affect not only
nutrient loading but strength of stratification and estuarine
flushing time, which affects the retention of phytoplankton
and their ability to bloom (Paerl and Huisman 2008; Lucas
et al. 2009; Peierls et al. 2012). While occurrence and spread
of HABs have often been attributed to increased nutrient load-
ing, they can be caused by several additional factors including
warming, marine heatwaves, oxygen depletion, and changes
to the hydrologic cycle (Anderson et al. 2002; Glibert and Bur-
ford 2017; Gobler 2020); whatever their cause, HABs represent
large accumulations of photosynthetically-active biomass, and
are thus likely to increase overall rates of estuarine PP (Song
et al. 2009).

The Chesapeake Bay is an anthropogenically enriched estu-
ary where nutrient management has been ongoing for the last
few decades with some success (Kemp et al. 2005; Boesch
2019; Brush et al. 2021). As of 2016, loads of total nitrogen
and phosphorus from watershed-based sources (both point
and non-point) have been reduced by � 32% and � 40% rela-
tive to 1985 levels, respectively (Boesch 2019; Brush et al.
2021), and this has translated into limited improvements in
water quality (e.g., reduced surface nitrate and bottom hyp-
oxia) and seagrass coverage (Murphy et al. 2011; Lefcheck
et al. 2018; Harding Jr. et al. 2019). However, Chl
a concentrations have yet to decline (Harding Jr. et al. 2019;
Brush et al. 2021), which may indicate that PP is also largely
unchanged. While ongoing nutrient load reductions are
expected to result in a continued reversal of eutrophication,
that is, oligotrophication, this response could be altered due
to interactions with other stressors including warming water
temperatures, altered hydrology, and ocean acidification
(Brush et al. 2021). Najjar et al. (2010) summarized climate
scenarios for the Chesapeake region, and reported projected
increases in atmospheric CO2 concentration, sea level, and
water temperature of 50–160%, 0.7–1.6 m, and 2–6�C by
2100, respectively. While precipitation projections are more
variable for the region, rates are expected to increase overall,
especially in winter–spring, as is precipitation intensity, which
will impact nutrient delivery, stratification, and flushing time.

The York River Estuary is a tributary of the Chesapeake Bay
that has been subject to a similar history of nutrient loading,
deteriorating water quality, and resulting efforts to reduce
loads (Reay 2009; Lake and Brush 2015a; Brush et al. 2021).
Total nitrogen and phosphorus loads to the York River Estuary
have decreased by approximately one-third from their highest
levels in the late 1990s, but Chl a concentrations have actu-
ally increased slightly while oxygen concentrations and Secchi
depths are unchanged (Brush et al. 2021). This lack of
response may be due at least in part to the strong influence of
advective and tidal inputs across the mouth of the estuary

from the mainstem Chesapeake Bay (Lake and Brush 2015a,b).
The lower York River Estuary has also been subject to increas-
ing occurrences of HABs in recent decades; blooms of the
dinoflagellate Margalefidinium polykrikoides have occurred since
the 1960s (Zubkoff et al. 1979; Marshall and Egerton 2009;
Mulholland et al. 2018), and blooms of the dinoflagellate
Alexandrium monilatum have occurred in most summers since
2007 (Reece 2015).

Given the fundamental importance of PP in estuarine eco-
systems and its central role in nutrient response and eutrophi-
cation, time series of estuarine PP are critical for understanding
how these systems are changing due to nutrient management,
climate change, and emergence of HABs. However, time series
of estuarine PP are rare as monitoring programs usually only
include Chl a as a proxy of phytoplankton biomass (Nixon
2009). The only long-term time series of PP in the Chesapeake
Bay are Harding Jr. et al.’s (2002) measurements of 14C water-
column integrated production for the mainstem (1982–2000),
which does not cover the tributaries. The only PP estimates for
the major tributaries including the York River Estuary are the
Chesapeake Bay Program’s (CBP) observations of light-satu-
rated, maximum hourly productivity (Pmax, 1984–2009), but
these do not reflect water-column integrated, daily
PP. Additionally, neither dataset spans the most recent
decade(s) when responses to nutrient reductions and a chang-
ing climate are likely to be accelerating. Thus, in this study, we
applied a novel mass balance model based on dissolved inor-
ganic nitrogen (DIN) to reconstruct estuarine PP in the York
River Estuary over a 25-yr (1994–2018) time period to assess
how this fundamental rate has changed in response to nutrient
management, climate change, and the emergence of late sum-
mer HABs. Mass balance models are useful tools for calculating
nutrient and carbon fluxes, estimating PP in coastal systems
from more readily measured variables, and providing insights
into the biological and physical mechanisms driving observed
time series (Boyle et al. 1974; Kim et al. 2020a).

Data and methods
Study area and data sources

The York River Estuary, a subestuary of the Chesapeake Bay
in Virginia, is a relatively shallow, mesotrophic, and micro-
tidal system (Fig. 1). It is a partially mixed estuary with a tidal
range of 0.5 to 1 m; average and maximum water depths are
5.1 and 25.7 m, respectively. Depending on the season and
year, the carbon (C) and nitrogen (N) cycles in this estuary are
regulated by numerous biological and physical drivers. For this
study, we used the segmentation of Lake and Brush (2015a,b),
who split the York River Estuary into eight boxes along its axis
(Fig. 1). These boxes were based on the long-term water qual-
ity monitoring stations of the U.S. Environmental Protection
Agency’s CBP. The York River Estuary receives riverine input
from the Mattaponi and Pamunkey Rivers, which enter boxes
1 and 2, respectively, and from small streams along its entire
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length. Boxes 6 to 8, located in the lower York River Estuary,
are regions vulnerable to intense late summer HABs (Fig. 1).

Nutrient data for the York River Estuary were collected from
the CBP (https://www.chesapeakebay.net) covering the period
from 1994 through 2018. We conducted quality control and
quality assurance (QC/QA) to remove inconsistencies and
anomalies in the data for DIN concentration, defined as the
sum of ammonium (NH4), nitrite (NO2), and nitrate (NO3)
(e.g., removing outliers, missing data interpolations). Concen-
trations at each station were linearly interpolated between
sampling dates to obtain a continuous record over the period
of study. River discharge rates from each river were collected
from USGS monitoring stations (Pamunkey: USGS 01673000
and Mattaponi: USGS 01674500) and scaled up to account for
watershed area below the gauges (Lake and Brush (2015a,b)).

N-mass balance model
The DIN mass balance box model used in this study con-

sists of a series of DIN input and output terms, and is modified
from previous models to calculate the net removal of DIN
inside each box, which when converted to carbon units repre-
sents potential primary production (PPP) (De Boer et al. 2010;
Kim et al. 2020a) (Eq. 1):

FDIN
Atmo + F

DIN
River + F

DIN
Bott−FDIN

Dnf −F
DIN
Export = F

DIN
Removal ð1Þ

where DIN concentration is the sum of ammonium, nitrate,
and nitrite concentrations. All terms were specified in mol d−1

for each month from 1994 to 2018, and the model was solved
monthly for FDIN

Removal (Table 1; Fig. 2). FDIN
Atmo is the flux from

atmospheric nitrogen deposition (AN-D), which was obtained
from the literature (0.3mmolm−2 d−1; Kemp et al. 2005; Lake
and Brush 2015a) and assumed to be equally distributed across
all boxes. Total input to each box was computed by multiply-
ing by the surface area of each box (A) using areas from Lake

and Brush (2015a). FDIN
River is the flux coming from riverine sources

and was calculated from two factors CDIN
River ×FRiver × 10−3

� �
. CDIN

River

is the DIN concentration at CBP stations TF4.2 and TF4.4

upstream of boxes 1 and 2, and FRiver is the river discharge rate.

The value of 10−3 converts from mmol to mol. FDIN
Bott is the net ben-

thic efflux of DIN from bottom sediments. Observational data are

not available for the York River Estuary; thus, we used a value of

1.2mmolNm−2 d−1 based on literature data for the lower Chesa-

peake Bay, scaled to the entire box using A (Cowan and Boynton

1996; Boynton and Bailey 2008). FDIN
Dnf represents sedimentary deni-

trification rate; we applied a value of 78–108 μmolm−2 h−1 based

on the literature (Kana et al. 2006). FDIN
Export represents the loss of

Fig. 1. Map of the York River Estuary (YRE) and the Chesapeake Bay. Numbered segments show the boxes from Lake and Brush (2015a,b) that were
used in the current box model application. Boxes 1 and 2 receive input from the Mattaponi and Pamunkey Rivers, respectively, which are the major
sources of DIN to the YRE. Points show the locations of CBP monitoring stations used in this analysis; red and blue circles show the locations of the Chl
a and 14C primary productivity data.
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DIN from each box due to flushing and was calculated as the prod-

uct of four terms: CDIN
EX is the difference in DIN concentration

between adjacent boxes, VS is the water volume of each box (Lake

and Brush 2015a), λFlush is the flushing rate of each box, computed

as the reciprocal of flushing time, and 10−3 to convert from mmol

to mol. Flushing times were computed as a function of riverine dis-

charge using the freshwater fraction method (Officer 1980) within

the model of Lake and Brush (2015a). Once all terms in Eq. 1 were

specified, the model computed FDIN
Removal by difference, which

represents net removal by biological production in each box of the

York River Estuary.

As a mass balance box model, we assumed three factors:
(1) the study area was in a steady state condition with bal-
anced DIN inputs and outputs; (2) atmospheric deposition,
benthic diffusion, and denitrification were evenly distributed
across the York River Estuary; and (3) all remaining DIN was
fully utilized by phytoplankton growth. Lake et al. (2013) esti-
mated that phytoplankton contributed 95% of total organic
carbon production during summer in the York River Estuary,
so use of excess DIN by other primary producers appears mini-
mal. Because we assumed that DIN was fully consumed by
phytoplankton PP, we calculated PPP in carbon units using
the Redfield ratio (C : N : P = 106 : 16 : 1, molar). Since a large
fraction of total dissolved nitrogen (TDN) in the York River
Estuary occurs as dissolved organic nitrogen (DON), and some
portion of that DON is likely bioavailable, the model was re-
run using the observed time series of TDN to provide an upper
estimate of PPP for comparison to PPP based on DIN alone.

Results
Validation of the mass balance model

Since there are no available time series of PP in the York
River Estuary, computed rates from the DIN mass balance
model were compared to a limited dataset of summer (June–
September 2008) phytoplankton PP measured in the York
River Estuary by Lake et al. (2013). Those rates were measured
by constructing photosynthesis-irradiance curves from changes
in oxygen in light–dark bottles, scaling over time and depth to
obtain daily rates, and converting to carbon using an assumed

Table 1. Definitions and sources of data used in the N-mass balance model of the YRE.

Unit Definitions Source

A (m2) Area of each box Lake and Brush (2015a)

CDIN
River (mmolm−3) DIN concentrations in Pamunkey and Mattaponi

Rivers

CBP

VS (m
3) Water volume of each box Lake and Brush (2015a)

CDIN
EX (mmolm−3) Concentration gradient between adjacent boxes

CEX = (Cupper – Clower) for DIN

Computed

λFlush (d−1) Flushing rate (reciprocal of flushing time) Lake and Brush (2015a)

FRiver (m
3 d−1) River discharge USGS

FDINRiver (mol d−1) DIN input from riverine discharge USGS, CBP

FDINAtmo (mol d−1) DIN input from atmospheric deposition 0.3 mmol N m−2 d−1

Kemp et al. (2005); Lake and Brush (2015a)

FDINBott (mol d−1) Net benthic efflux of DIN from bottom sediments 1.2 mmol N m−2 d−1

Cowan and Boynton (1996); Boynton and

Bailey (2008)

FDINDnf (mol d−1) Denitrification rate 78–108 μmol m−2 h−1

Kana et al. (2006)

FDINExport (mol d−1) Export to the Chesapeake Bay from the YRE Computed

FDINRemoval (mol d−1) Removal by phytoplankton uptake Computed

Fig. 2. Inputs (blue) and outputs (red) of DIN (see text for details) in the
York River Estuary (YRE) mass balance model, following the approach of
Kim et al. (2020a). Fluxes represent river inputs (FRiver), atmospheric depo-
sition (FAtmo), flushing (FExport), denitrification (FDnf), sediment effluxes
(FBott), and net uptake to support primary production (FRemoval). The
model assumes steady state conditions; all fluxes are computed in
mol d−1.
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photosynthetic quotient (mol O2 : mol C) of 1.0 (Lake et al.
2013). Measured daily PP from Lake et al. (2013) was 2.22 g C
m−2 d−1, which was nearly identical to the average of 2.18 g C
m−2 d−1 computed over the same time period with the DIN
mass balance model (Fig. 3). Modeled rates of PP were slightly
higher than the observations in the lower estuary (boxes 6–8),
and slightly lower in the middle estuary (boxes 3–5). However,
the small differences between modeled and measured PP, and
the identical patterns along the axis of the estuary, demon-
strate the mass balance model is estimating reasonable rates of
PP in the York River Estuary. While the pattern of computed
PPP using TDN was almost identical to that using DIN, the
average rate in summer 2008 was 3.53 g C m−2 d−1. This is a
great deal higher than the average rate using the DIN mass bal-
ance model, as well as previous observations (Lake et al. 2013).

Reconstructed primary production in the York River
Estuary

The model predicted a long-term increase in PPP in the
York River Estuary, with most of the increase occurring in the
mid-2000s (Fig. 4). The model also predicted a change in the
spatial distribution of PP in the York River Estuary. Early in

the time series (before 2006), most of the modeled PP occurred
in the upper half of the estuary (57%), but after 2006, a much
greater percentage occurred in the lower estuary (68%) (Fig. 4).
Computed increases in PPP occurred in all months (Fig. S1)
and all regions of the York River Estuary (Fig. S2).

The computed increase in PPP in the York River Estuary
coincided with a long-term increase in surface Chl
a concentrations based on CBP monitoring data, at least in
the upper estuary (Fig. 5a). The increase also corresponded
with an increase in light-saturated, 14C-based rates of Pmax and
associated assimilation ratios observed in the York River Estu-
ary by the CBP, although the time series ended in early 2009
(Fig. 5b,c). These observed increases in Pmax occurred in all
months and at stations in both the upper and lower York
River Estuary (Fig. S3), similar to modeled results (Figs. S1, S2).

The modeled increase in PPP occurred despite long-term
declines in riverine discharge, flushing time, and total stand-
ing stock of DIN in the York River Estuary (Fig. 6a,b). The
combination of decreasing discharge and ongoing nutrient
management also translated into decreasing DIN loads over
this time period (Fig. 6c). Export of DIN from the York River
Estuary (between box 8 and Chesapeake Bay) was similarly
predicted to have decreased over the study period, while bio-
logical removal of N (FDIN

Removal ) was predicted to increase mark-
edly (Fig. 6c).

Riverine loading was the dominant source of DIN to the
York River Estuary both before and after 2006, with a small
decline in importance in the latter period due to decreased dis-
charge and ongoing nutrient management (Fig. 7). This input
was mostly balanced by biological uptake via PP which domi-
nated the outputs, with export making up most of the differ-
ence (Fig. 7). The increase in productivity after 2006 resulted
in a corresponding decrease in export.

Discussion
The mass balance approach produced rates of PPP that

compared well with the limited observations of Lake et al.
(2013) (Fig. 3). Rates of computed PPP more closely matched
prior estimates when using DIN (2.18 g C m−2 d−1) rather than

Fig. 3. Comparison of mean summer (June–September) primary produc-
tion estimated from the mass balance model to observed rates from Lake
et al. (2013). Both modeled and observed rates are from 2008. Lake
et al. (2013) did not make measurements in boxes 1–2. Rates for YRE
(total) are based on boxes 3–8 only. Percentages in red indicate the per-
cent of total YRE area in each box. Error bars represent one standard
deviation.

Fig. 4. Predicted primary production from the mass balance model from 1994 to 2018. Values are expressed as the average daily rate each year and are
broken out by region of the YRE.
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TDN (3.53 g C m−2 d−1) in the mass balance model. Given
this, we conclude that computed PPP using DIN is more accu-
rate than that using TDN, which suggests a relatively small
portion of DON in the York River Estuary is bioavailable. DON

bioavailability in the York River Estuary has yet to be directly
measured. However, some of the additional PPP computed
using TDN may reflect uptake of DON via osmotrophy by
dinoflagellates, which often dominate the phytoplankton

Fig. 5. Time series of (a) surface Chl a, (b) 14C-based, light-saturated primary productivity (Pmax), and (c) assimilation ratios from CBP monitoring sta-
tions RET4.3 and WE4.2 in the upper and lower YRE, respectively. The primary production monitoring program ended in September 2009.

Fig. 6. (a) Flushing time and daily discharge, (b) standing stock of DIN, and (c) computed DIN fluxes for the entire YRE. Linear regression equations for
DIN standing stock (y = −0.71x + 1471; r2 = 0.12), river inputs (y = −0.064x + 137; r2 = 0.01), biological removal (y = 0.50x – 983; r2 = 0.85), and export
(y = −0.001x + 2.8; r2 = 0.15) as a function of year were all highly significant (p < 0.0001).
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community especially in summer (Reece 2015; Mulholland
et al. 2018). Osmotrophy can occur in the absence of light
and, thus, would not contribute to PP based on the photosyn-
thetic incubations used to calibrate the Lake and Brush
(2015a) model.

The model estimated a long-term increase in PPP in the sys-
tem occurring in all months and all regions of the estuary,
with greatest increases in the mid-2000s in the lower estuary
(Fig. 4; Figs. S1, S2). This increase is supported by similar
increases in light-saturated Pmax which also occurred in all
months and at both the head and mouth of the system and
increases in Chl a at the head of the estuary (Fig. 5a,b; Fig.
S3). The predicted long-term increase in PPP also corresponds
with the emergence of a second toxic dinoflagellate that pro-
duces intense summer blooms in the lower estuary,
A. monilatum. However, the increase in PPP occurred despite
overall reductions in discharge, flushing time, DIN loading,
and DIN standing stock (Fig. 6), and despite relatively con-
stant Chl a concentrations in the lower estuary where most of
the increase in PPP was computed to occur (Fig. 5a).

What explains the increase in PPP?
Despite the long-term decreases in riverine discharge and

DIN load over the study period, most of those declines
occurred prior to 2006, while discharge and loads after 2006
were relatively stable with the exception of 2018 which was
an unusually wet year (Fig. 6a,c). The standing stock of DIN
also became relatively stable after 2006 (Fig. 6b). This change
in the trends of discharge, load, and standing stock in the
mid-2000s and greater stability after that time may have been
at least partly responsible for the increase in computed PPP.

The increase in assimilation ratios (Pmax : Chl a; Fig. 5c)
suggests that phytoplankton have become more efficient at
converting DIN into biomass since the mid-2000s. We attri-
bute this primarily to a release of light limitation owing to
other long-term changes occurring in the York River Estuary

over the study period. An analysis of the long-term CBP moni-
toring data indicate⁣s long-term warming of York River Estu-
ary surface waters over the study period (Fig. 8a), which could
be partly responsible for the increase in production given the
well-established exponential relationship between tempera-
ture and phytoplankton growth (Eppley 1972; Brush et al.
2002). Probably more important is that turbidity has also
decreased across the York River Estuary during the study
period (Fig. 8b), resulting in a long-term reduction in the verti-
cal attenuation coefficient for light (kD), most notably at the
head of the system (Fig. 8c). Most importantly, computed
photic depths (Zp, depth of 1% surface irradiance, Zp = 4.61/
kD; Brush et al. 2002) have increased over the study period,
particularly in the deeper, lower estuary where most of the
volume occurs and most of the increase in computed PPP took
place. The modeled increase in PPP despite reductions in DIN
load and standing stock (and faster flushing of phytoplank-
ton) is therefore most likely due to increased light penetration,
deeper photic depths, and thus increased utilization of avail-
able DIN in the estuary. Interestingly, bottom water O2 con-
centrations have exhibited a long-term decline over the study
period (Fig. 8d) which could be due in part to increased pro-
duction, sinking, and microbial respiration of autochthonous
organic matter, although it is likely more attributable to
reduced solubility under warming temperatures.

The increase and down-estuary shift in modeled PP in the
mid-2000s also coincided with the emergence of intense sum-
mer blooms of A. monilatum in the lower estuary (Reece 2015).
As noted above, the lower Chesapeake Bay including the York
River Estuary has been subject to increasing occurrences of
HABs in recent decades. Blooms of M. polykrikoides have
occurred since the 1960s (Zubkoff et al. 1979; Marshall and
Egerton 2009; Mulholland et al. 2018), and blooms of
A. monilatum have occurred in most summers since 2007
(Reece 2015). Many dinoflagellates, including M. polykrikoides,
are capable of growth in the dark using osmotrophy (uptake

Fig. 7. Annual DIN budgets for the YRE from the mass balance model, (a) averaged over the period 1994 to 2006 and (b) 2006 to 2018. Values are
expressed as the percent contribution to total inputs (blue terms) and total outputs (red terms).
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of dissolved organic matter) (Mulholland et al. 2018), which
may have contributed to the increase in PPP observed in
recent years and down-estuary. Interestingly, less than 15% of
PPP was computed to occur in the lower York River Estuary in
years when these HABs did not occur, compared to � 30–40%
in bloom years (data not shown). While the cause of these
HABs is not well understood, the computed increase in PPP
since the mid-2000s may be at least partly attributable to their
increasing occurrence, particularly the emergence of
A. monilatum since 2007.

There may also have been other processes which we have
not accounted for in the model, and more work is needed to
identify the various biological and physical mechanisms con-
trolling the increase in PPP in this system. Regardless, the
computed increase in PPP suggests that despite long-term
efforts to control eutrophication by reducing nutrient loads,
the York River Estuary may actually have become more eutro-
phic since the mid-2000s due to changes in other variables
such as temperature and turbidity, the latter also likely due to

improved watershed management via reduced sediment load-
ing. This highlights the challenge of managing nutrient-fueled
eutrophication in a system undergoing other concurrent
changes (e.g., climate, HABs, reduced sediment inputs; sensu
Cloern 2001), that is connected to a much larger estuary (Lake
and Brush 2015a), and subject to nonlinear recovery trajecto-
ries (Duarte et al. 2009). It also suggests that additional reduc-
tions in loading may be necessary to meet established water
quality criteria (Lake and Brush 2015b; Irby et al. 2016).

Role of multiple nutrient sources
The mass balance modeling approach facilitates determina-

tion of the major and minor DIN inputs to the York River
Estuary, and comparison to other systems where the approach
has been applied. Both this study and the Lake and Brush
(2015a) simulation modeling study of the York River Estuary
found that riverine and diffuse watershed sources dominated
the input of nitrogen, with less input from atmospheric depo-
sition and benthic fluxes. Similarly, Kim et al. (2020a) found

Fig. 8. Time series of annual average (a) surface water temperature, (b) surface turbidity, (c) vertical attenuation coefficient (kD) and euphotic depth
(Zeu), and (d) bottom oxygen concentration (averaged below the pycnocline) from CBP monitoring stations in the upper and lower YRE, respectively
(see Fig. 1).
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that the significant input to the Gulf of Mexico was from riv-
ers with minor contributions from atmospheric deposition
and submarine groundwater discharge. Conversely, the coastal
sea off Korea receives greater contributions from both atmo-
spheric deposition and submarine groundwater discharge,
which were important controlling factors of predicted PPP
(Kim 2018).

Similar to the previous mass balance study in the Gulf of
Mexico (Kim et al. 2020a), there was a lack of observational
data for both atmospheric deposition and benthic effluxes in
the York River Estuary, so these represent two terms where
additional data would help better constrain our budget. While
these are currently relatively minor terms in the budget, they
may become more important with continued watershed-based
nutrient management or with changes in watershed discharge.
However, atmospheric deposition is also expected to decrease
over time as it is also the subject of management efforts aimed
at reducing this source of nitrogen to the Chesapeake Bay
(Boesch 2019).

Utility of the mass balance modeling approach
Water quality and biogeochemical simulation models are

widely used tools for understanding and predicting the
dynamics of estuarine ecosystems (Brush and Harris 2016;
Ganju et al. 2016). These models have been increasingly used
to understand long-term ecosystem responses to changes in
nutrient loading and co-occurring stressors such as climate
change, and to inform management decisions aimed at
improving water quality and restoring habitat. This includes
several modeling studies in the Chesapeake Bay and its tribu-
taries (Cerco and Noel 2004; Testa et al. 2014; Lake and Brush
2015a). These models are mathematical simplifications of real
ecosystems that combine detailed mechanistic formulations to
simulate system-level processes including nitrogen cycling
and PP through space and time. They span a wide range of
both ecological and hydrodynamic complexity that reflects an
ongoing trade-off between precision, realism, and generality
(Levins 1966; Brush and Harris 2016; Ganju et al. 2016). These
models often take substantial amounts of time to construct
and run, and require large amounts of data for model develop-
ment, calibration, and validation.

Mass balance models like the one developed here provide
an alternate approach for constraining system-level processes
through construction of material budgets for carbon, nutri-
ents, or oxygen at larger spatial and temporal scales (Bierman
et al. 1994; Kim 2018; Kim et al. 2020a). They are useful tools
for calculating material fluxes and estimating system-wide pro-
cesses including PP and net ecosystem metabolism in coastal
systems (Kim et al. 2020a). A recent application of the
approach in the Gulf of Mexico supported the delineation of
productivity zones linked to nutrient-salinity ratios (Kim et al.
2020b). These models have been successfully applied in many
systems, including the Patuxent River estuary of the Chesa-
peake Bay (Testa et al. 2008), the mainstem Chesapeake Bay

(Testa et al. 2018), and around the world through the Land
Ocean Interactions in the Coastal Zone (LOICZ) program
(Smith et al. 2010; Swaney et al. 2011; Ramesh et al. 2015).
These models tend to have fewer data requirements and can
be developed and applied more quickly than mechanistic sim-
ulation models.

This study represents an application of the mass balance
modeling approach to investigate long-term changes in PP in
the York River Estuary, a system undergoing nutrient manage-
ment and a number of concurrent changes. The mass balance
approach produced rates of PPP that compared well with a
limited dataset of observed PP, and model predictions revealed
a long-term increase and down-estuary shift in productivity
despite ongoing reductions in nutrient loading. This analysis
was made possible by the availability of long-term measure-
ments of watershed discharge, nutrient loading, and estuarine
concentrations of DIN and salinity (to compute flushing
times), but did not require the additional data and resources
required for traditional model development, calibration, and
validation. In the absence of a time series of direct measure-
ments of PP in this system, the mass balance approach pro-
vided a novel means of reconstructing this vital rate for
analysis in the context of long-term changes in the ecosystem.
The analysis illustrates the utility of the mass balance
approach for estimating PP in other estuarine systems, since
this critical rate is typically not measured as part of traditional
monitoring programs.
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