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Abstract Estuaries are threatened by eutrophication due to anthropogenic nutrient loading. The Great Bay
Estuary of New Hampshire and Maine has been designated as nitrogen impaired primarily due to a 65% loss in
seagrass coverage between 1996 and 2023. This region has also experienced multiple consecutive years of low
annual precipitation and more recent record precipitation years. The loss of seagrass, increased precipitation
variability, and continued anthropogenic influence have biogeochemical consequences for the estuarine filter.
Water quality budgets for a subregion of Great Bay Estuary were developed at annual timescales for nitrogen,
orthophosphate (PO437), dissolved organic carbon (DOC), and total suspended solids (TSS). Results show
annual total nitrogen (TN) input loads, including tidal flux into Great Bay, (3,900 kg ha™" year™") are less than
output loads whereas dissolved inorganic nitrogen (DIN) inputs (1,410 kg ha™! year™!) exceed outputs,
indicating net TN export and net DIN retention. PO,>~ loads were nearly balanced, with a mean input and output
of 257 kg ha™! year™! and 238 kg ha™! year™, respectively. Seagrass acreage negatively correlated with DOC
inputs (33,300 kg ha™! year™"). High TSS output loads (227,000 kg ha™' year™") resulted in net TSS export.
Despite critical seagrass loss and recent point source nitrogen load reductions, the system continues to retain
bioavailable forms of nutrients, suggesting the importance of other primary producers to estuarine
biogeochemical cycles. Water quality budgets for Great Bay provide useful insight into the biogeochemical
capacity of an estuary during a time of habitat degradation and subsequent coastal management efforts.

Plain Language Summary This study improves understanding of how nutrients, carbon, and
sediments move through estuarine ecosystems by comparing the inputs to Great Bay against outputs. We
quantified inputs and outputs associated with water movement (i.e., rivers, precipitation, runoff, wastewater,
and tidal inputs and outputs). Dissolved nitrogen continued to be retained in the system despite seagrass loss,
suggesting that proliferation of other primary producers (phytoplankton and seaweed) is contributing to
continued nitrogen cycling. This is supported by the observation of net export of particulate forms of nitrogen
from the system, which could include nitrogen bound to sediments or plant tissues. This finding is consistent
with observations from other temperate estuarine systems suffering from seagrass loss. Continued seagrass loss
despite point source nitrogen reductions has prompted new management questions regarding how nutrients,
carbon, and sediments cycle within the estuary and whether nutrient management decisions (i.e., wastewater
treatment reductions) have impacted seagrass habitat conservation efforts.

1. Introduction

Estuaries play an essential role in biogeochemical cycles as conduits for the transport and transformation of
carbon, nutrients, and sediments between coastal watersheds and the ocean. Estuarine biogeochemical cycles
contribute to important ecosystems services such as water quality regulation and carbon sequestration (Barbier
et al., 2011; Bauer et al., 2013). As coastal population densities continue to increase, human activities have
degraded the habitats responsible for the biogeochemical balance in estuarine ecosystems (Barbier et al., 2011;
Small & Nicholls, 2003; Waycott et al., 2009). Anthropogenic nutrient sources account for more than 60% of
global inorganic nutrient loads to estuaries (Seitzinger et al., 2005). Increasing anthropogenic nutrient inputs
overwhelm the estuarine biogeochemical filter, resulting in excess dissolved nutrients and carbon that contribute
to eutrophication (Cloern, 2001; Nixon et al., 1986, 1996; Regnier et al., 2013).

Seagrass decline is an ecological indicator of eutrophication, as ephemeral algae respond to excess nitrogen inputs
and outcompete seagrasses for nutrients and light (Short et al., 1995; Valiela et al., 1997). Nutrient assimilation by
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seagrasses, seaweed, and phytoplankton comprises a large component of the estuarine biogeochemical filter.
Uptake rates generally keep pace with or exceed rates of external nutrient loading, so long as freshwater inputs
remain below 50 kg N ha™' year™' (Latimer & Rego, 2010; McGlathery et al., 2007). Between 50 and
100 kg N ha™" year™" of freshwater inputs, estuaries begin to show eutrophication symptoms as their primary
producer communities transition from seagrass to seaweed or phytoplankton dominant, depending on estuarine
water residence time (Latimer & Rego, 2010; Valiela et al., 1997). In New England, estuaries with freshwater
inputs exceeding 60 kg N ha™" year™' have experienced complete seagrass loss and in some cases have observed
substantial seagrass decline at loads as low as 30 kg N ha™" year™! (Hauxwell et al., 2003; Latimer & Rego, 2010).
These load thresholds focus on freshwater (i.e., watershed) inputs and ignore potential tidal flux contributions.

This study focuses on Great Bay Estuary, a eutrophic, high-energy tidal system experiencing drastic seagrass loss
and high freshwater nitrogen loading. High nutrient loads to Great Bay, the recessed subregion of the estuary, can
remain for between five and 20 days (Bilgili et al., 2005) and potentially fuel seaweed or phytoplankton blooms
(Valiela et al., 1997). Bilgili et al. (2005) also note that water particles from lower portions of the estuary may
travel into the Great Bay, but only negligible amounts remain there after one tidal cycle. Thus, any nutrient issues
experienced in Great Bay will be primarily caused by the tributaries that drain into Great Bay, while the rest of the
estuary will be impacted by the other tributaries as well as coastal conditions. Seagrass loss resulted in a nitrogen
impairment designation, driven by high point source nitrogen loads from wastewater treatment facilities
(WWTFs) as well as nonpoint nitrogen sources in the watershed (Burdick et al., 2020). In the early 2000s, WWTF
nitrogen loads to the entire Great Bay Estuary ranged from 90 to 110 kg N ha™' estuarine surface area year ',
putting the system above the threshold for maintenance of seagrass habitat and biogeochemical balance without
consideration of additional nonpoint sources (Piscataqua Region Estuaries Partnership, 2023). Nonpoint sources
of nitrogen, including tributaries and atmospheric deposition loads, were twice as high ranging from 200 to
300 kg N ha™' estuarine surface area year™' for the entire estuary (Piscataqua Region Estuaries Partner-
ship, 2023). In response to seagrass decline and the nitrogen-impairment designation, WWTFs began to upgrade
their treatment technology to reduce nitrogen loads, in advance of the U.S. Environmental Protection Agency's
2020 Total Nitrogen General Permit.

As WWTFs reach the limits of available technology to reduce point source nitrogen loads, improved under-
standing of nonpoint nutrients, carbon, and sediment sources, drivers, and cycling in estuaries becomes
increasingly important for coastal management. Climate change continues to alter the timing and volume of
precipitation events globally, with record rainfall events becoming more frequent and intense (Robinson
et al., 2021; Scavia et al., 2002). Increased rainfall is evident in the northeastern U.S., with an annual daily
maximum precipitation average increase of 1.6 mm year™"' between 1979 and 2014 (Howarth et al., 2019). Great
Bay Estuary has experienced large swings in annual precipitation, including years where the watershed experi-
enced extreme drought conditions and two 100-year flood events (FEMA, 2008; McCarthy et al., 2023). As
higher rainfall increases watershed runoff, estuaries could see higher non-point nutrient, carbon, and sediment
loads (Shatham, 2012). Higher carbon and sediment loads can contribute to additional light reduction on top of
nutrient-driven light reductions from algal growth (Balch et al., 2016; Branco & Kremer, 2005; Kirk, 1983). The
combination of high nonpoint source loads and loss of seagrass-associated ecosystem services in estuaries adds
additional stress to the biogeochemical filter capacity and reduces water quality regulation and carbon seques-
tration potential.

Together, ecosystem-level processes and human-and-climate-induced stressors determine whether nutrients,
carbon, and suspended solids move through an unreactive estuarine pipe to the coastal ocean or are actively
produced and transformed. The transport, transformation, and fate of these inputs define the biogeochemical
balance between import and export (Bauer et al., 2013; Regnier et al., 2013; Wollast, 1983) in the form of a
nutrient budget. Estuaries become net exporters when internal production exceeds the level at which materials can
be stored or lost in gaseous form (Flynn, 2008; Odum, 1980; Winter et al., 1996). While the body of knowledge
surrounding nutrient, carbon, and sediment sources to estuaries continues to grow (Castro et al., 2003; Jung
et al., 2023; Nixon et al., 1986; Seitzinger et al., 2005), uncertainty surrounding the fate of these inputs remains
due to the difficulty in quantifying ocean tidal exports and the lack of monitoring of all inputs and outputs to and
from an estuarine system throughout the year (Boynton et al., 2008; Duarte, 2017; Reithmaier et al., 2024).
Quantifying tidal inputs and outputs continues to be a difficult issue (e.g., Boynton et al., 2008), but approaches
using tidal prism estimates (Carsey et al., 2015) have been successfully used in other systems. A water quality
budget is often built under the assumption that the system is closed, which allows a missing input or output to be
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calculated by difference (Nixon et al., 1995). While imperfect, water quality budgets provide a quantitative
approach to understanding the fate of inputs to estuaries and how that fate relates to ecosystem services.

Refining the role of estuaries in global biogeochemical cycles requires understanding the quantity of nutrients,
carbon, and suspended solids retained or lost through the estuarine filter and the factors influencing the proportion
of each retention or loss pathway. In Great Bay Estuary, continued seagrass loss despite reductions in point source
nitrogen loads has prompted new questions on how nutrients, carbon, and sediments cycle within the estuary and
whether nutrient management has impacted seagrass habitat over the last two decades. The recessed geo-
morphology of Great Bay enables improved estimates of coastal export, allowing for a water quality budget to
assess the biogeochemical capacity of the estuary across temporal scales. We asked the following: (a) How do net
import and export patterns vary for nutrients, carbon, and sediments? (b) What are potential drivers of the net
import or export of nutrients, carbon and sediments? (c) How do water quality patterns relate to seagrass
response?

2. Materials and Methods
2.1. Study Area

Great Bay Estuary is a shallow, well-mixed estuary located along the New Hampshire-Maine border in the
northeastern USA. The 2,813 km? coastal watershed drains eight tidal tributaries and 18 WWTFs (Swanson
et al., 2015). Total freshwater input to the system is typically 1%—2% of the tidal prism, which on average is
178-10° m® of water per day over two tidal cycles (Swift & Brown, 1983). Water depth varies, with seagrass
growing in the shallow subtidal portions of the estuary. At low tide, over half of the estuary becomes exposed
mudflats. Annual seagrass coverage estimated annually (Barker, 2020; Routhier et al., 2022, 2024; Short, 2016)
highlights that Zostera marina seagrass has decreased by 65% since 1996 (Figure 1a). During this same period,
the region has experienced fluctuating annual precipitation totals, including below-average dry years and above-
average wet years (Figure 1b). Persistent seagrass decline has prompted WWTFs to reduce their total nitrogen
loads in response to regulatory action (Figure 1c).

This study focused on Great Bay, defined as the portion south of the narrow outflow at Adams Point (i.e., Furber
Strait), where monthly water quality monitoring occurs at both high and low tide (Figure 2a). Adams Point is ideal
for constraining tidal inputs and outputs, due to its narrow (400 m wide) and deep (12 m at mean low water)
channel that reduces the likelihood of lateral irregularities in tidal flow and water quality concentrations (Kjerfve
et al., 1981). Henceforth, Great Bay Estuary will be used to refer to the entire watershed, whereas Great Bay will
be used to indicate the subregion that is the focus of this study. Three large tributaries, the Lamprey (LMP),
Squamscott (SQR), and Winnicut (WNC) flow directly into Great Bay. Water quality is monitored monthly at
each tributary's head-of-tide, the furthest downstream point where saltwater does not reach. Two out of three
head-of-tide monitoring locations are upstream of dams, resulting in complete saltwater exclusion. The dam on
the Squamscott River was removed in 2016 but there was no evidence of saltwater movement upstream, thus the
monitoring station remained in place (Figure S1 in Supporting Information S1). The Lamprey River has the
largest watershed (554 km?) and highest mean instantaneous discharge (8.85 m® s™"), followed by the Squamscott
(330 km?*; 3.09 m? s™"), and the Winnicut (45.1 km?; 0.77 m® s™") for the period of study (2008-2023). Three of
the 18 WWTFs (Exeter, Newfields, and Newmarket) discharge to Great Bay downstream of the tributary head-of-
tide monitoring stations and therefore have inputs not reflected in the ambient river water quality monitoring
(Figure 2a). Treatment technology upgrades began in 2017 at two out of three of these WWTFs, resulting in an
80% reduction in total nitrogen loads from the three WWTFs compared to pre-upgrade levels (Figure 1c).

2.2. Conceptual Budget Model

To quantify nutrient, carbon, and suspended solid retention within Great Bay, aqueous input and output fluxes of
nutrients, dissolved organic carbon (DOC) and suspended solids (TSS) were compared across a 16-year period
(2008-2023). Inputs (Figure 2b) included point sources, wet deposition, tributary loads, groundwater load, coastal
runoff, and tidal flux (high tide), which includes additional wastewater effluent from facilities further downstream
in the estuary. Output was defined as the low tide flux past Adams Point. Annual net retention or export (delta
storage) of each constituent was determined by the difference between input and output loads. Budgets were only
calculated if all components were present for a given year. Similar to other estuarine budgets (Boynton
etal., 1995; McKee et al., 2000; Nixon et al., 1995, 1996), the solute and suspended solids budgets for Great Bay
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Figure 1. Temporal trends in seagrass habitat (a), annual precipitation (b), and point-source wastewater nitrogen loading
(c) in Great Bay. Seagrass decline (a) over time is shown in the linear regression and confidence interval (p < 0.001, Adj.
R*=0.69). Total annual precipitation and mean annual precipitation (dotted line) between 1996 and 2023 are shown with the
gray area showing one standard deviation (b). Sum of total nitrogen (TN) loads from the three WWTFs that discharge to
Great Bay, normalized by estuarine surface area (c). The gray region marks the period of treatment technology upgrades.

are not truly closed in that at least one term must be calculated by difference. In this instance, storage reflects any
gain or loss within the system, including difficult-to-measure pathways like denitrification, nitrogen fixation,
diffusive sediment bed flux, and burial. Positive storage values indicate net retention and negative storage values
indicate net export. Storage terms were normalized by Great Bay's surface area at mean high water level (17 km?).
The budget model assumes the study system is well-mixed (Bilgili et al., 2005), with steady-state hydrodynamic
characteristics (Regnier et al., 2013).

2.3. Data Sources and Load Calculations

The chemistry of surface water (tributary and estuarine), wet deposition, wastewater effluent, and groundwater
was compiled from long-term monitoring data sets, municipal reports, and published studies (Table 1, Table S1 in
Supporting Information S1). Long-term water quality monitoring data for tidal tributaries and estuary sites were
downloaded upon request from the NH Department of Environmental Services Environmental Monitoring
Database. Each surface water and wet deposition sample was analyzed for a suite of water quality constituents
using established methods (Text S1 and Table S2 in Supporting Information S1).
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Figure 2. Map of Great Bay Estuary highlighting the three major watersheds draining to Great Bay, the region south of
Adams Point, and the Great Bay coastal drainage area (a). Seagrass coverage in 2016 is shown in green. Other key locations
include tributary monitoring stations at head-of-tide, wastewater treatment facilities (WWTFs), USGS gauging stations, and
the wet deposition collector. The Winnicut USGS station overlaps with the head-of-tide station and is not depicted.
Everything upstream of the white squares delineates the head-of-tide watersheds. The conceptual budget model for Great
Bay (b) follows the map symbology, with inputs pointing to Great Bay and outputs pointing away.

Tributary annual loads were calculated as the product of the annual flow-weighted mean concentration and annual
discharge (Table 1). Loads were calculated for years with a minimum of eight water samples. As the locations of
the USGS stream gauges and the head-of-tide water quality monitoring stations differed from each river mouth
location, a flow multiplier was used to estimate discharge for the full watershed (Table S3 in Supporting In-
formation S1). Flow-weighted annual concentrations were calculated using the following equation, where C is the
concentration of a water quality constituent on a given sampling day, i, and Q is the mean daily discharge,
corrected by the flow multiplier:

Y

30, W

Monthly tributary chemistry samples were paired with corresponding daily discharge measurements and were
assumed to be representative of the month (Table 1). Wet deposition loads were calculated as the product of
precipitation-weighted mean annual concentration, annual precipitation total (mm), and Great Bay's surface area
at mean high tide. Precipitation-weighted annual concentrations were calculated similarly to the tributaries with
precipitation totals for a given period of wet deposition used instead of discharge. Weekly precipitation chemistry
samples were assumed to be representative of the week and were subsequently paired with the weekly sum of
hourly precipitation volumes (Table 1). Dry deposition was not included in the solute budget due it being a small
component of total nutrient deposition (Lloret & Valiela, 2016) and due to declines in dry deposition of nutrients
over time in this region (Schwede & Lear, 2014).

High and low tide loads at Adams Point were calculated using concentration data and the estuary-wide tidal prism,
scaled to encompass the two tidal cycles observed daily (Swift & Brown, 1983). Tidal prism was then scaled to a
bay-wide flux using a ratio of Great Bay to Great Bay Estuary surface area. The volume of freshwater input to
Great Bay, which is the sum of the tributary mean daily discharge, scaled by the flow multiplier, was subtracted
out to improve the tidal prism estimate. Monthly loads of nitrogen and phosphorus inputs and outputs were
calculated similarly to annual loads, but with monthly flows or precipitation totals. It was assumed that the
monthly chemistry sample was representative of the month. Monthly N:P ratios were calculated for inputs and
outputs and compared to the Redfield Ratio (Redfield, 1934, 1958) to gauge potential nitrogen or phosphorus
limitation.

Water chemistry data from WWTFs (Table S5 in Supporting Information S1) varied in availability (Table 1).
Monthly TN and TSS loads were calculated as the product of monthly average concentrations and effluent flows.
Monthly loads were summed for annual estimates. For the smallest facility (Newfields), loads prior to 2021 were
based on monthly flows and a 2002 annual mean TN and DIN concentration (Bolster et al., 2003), as its relatively
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low effluent discharge (4.8% + 3.9% of the largest facility) justified this approach. Where DIN data were un-
available, DIN loads were estimated using an average DIN:TN ratio (78.5%-84.1%, 2009-2023) from other
monitored WWTFs (Piscataqua Region Estuaries Partnership, 2017, 2023). High DIN:TN ratios were reasonable
as all three WWTFs had primary and secondary treatment systems removing PN. DOC and PO,*~ wastewater
concentrations were not available at the same measurement frequency as TN. A DOC:TDN ratio was calculated
from limited monitoring data (Mikulis et al., 2025). The ratio was applied to annual DIN loads to estimate DOC
loads, based on the assumption that TDN was similar to DIN. An N:P ratio was calculated from limited moni-
toring data and applied to annual DIN Ioads to estimate PO,>~ loads. When only annual estimates were available,
values were divided by 12 to estimate monthly loads.

A direct groundwater DIN load of 6,170 + 6,800 kg N year™' for Great Bay was used for groundwater inputs
(Ballestero et al., 2004) (Table 1). As no other groundwater loading values were available, this rate was assumed
consistent year-to-year. TN groundwater loading was assumed to be similar to the DIN load, due to filtration of
PN as water flows through the unsaturated zone (DeSimone & Howes, 1998). Groundwater concentrations of
TSS, DOC and PO43 ~ are typically lower than surface water concentrations (Chinnasamy & Hubbart, 2015;
DeSimone & Howes, 1998; McDonough et al., 2020; McJannet et al., 2012), therefore we assumed groundwater
contributions of these constituents to be negligible. Direct coastal runoff from land adjacent to Great Bay was
estimated by multiplying the Lamprey River watershed yields (area normalized load) by the drainage area sur-
rounding Great Bay that lacks monitored tributaries (~42 km?). The Lamprey River was selected to represent
coastal runoff due to it being the largest of the three watersheds that were directly measured.

2.4. Statistical Analyses

Water quality data exhibiting high skewness, kurtosis, failure of the Shapiro-Wilk test for normality, and Levene's
Test for homogeneity of variance were log-transformed to improve normality. Due to the tidal prism's magnitude
(98%) relative to freshwater inputs (2%) (Bilgili et al., 2005), the assumption of equal concentrations between
high and low tide was tested using a paired samples z-test. The influence of freshwater input on estuarine
chemistry was determined through application of concentration-discharge (C-Q) relationships commonly used in
stream hydrology and biogeochemistry (Godsey et al., 2009; Hall, 1970, 1971; Wymore et al., 2023). We adapted
the power-law relationship (C = aQ") to estuarine water chemistry by regressing low tide estuarine constituent
concentrations (C) and tributary discharge (Q) in a log-log space to derive a slope (b) and intercept (a) that
describes whether freshwater input enriches, dilutes, or has no effect on estuarine constituent concentrations.
Only water quality constituents with all input and output budget components were analyzed using C-Q re-
lationships, to assess whether riverine inputs could quantitatively influence downstream, estuarine chemistry.
Total tributary discharge for a given estuarine water chemistry sampling day was summed before being regressed
in log-log space.

Due to the uncertainty in budget terms, specifically the tidal inputs and outputs, annual storage terms were treated
as replicates and net retention or export behavior was determined based on whether mean storage was positive or
negative, respectively. One-way analysis of variance (ANOVA) and Tukey post hoc tests were used to compare
monthly loads N:P ratios. Bivariate relationships between nutrient, carbon, and suspended solid loads and sea-
grass annual coverage were assessed using correlation heat maps and simple linear regression. All calculations
and statistics were performed using R version 4.4.2 (R Core Team, 2023) and are publicly available on GitHub
(Text S1 in Supporting Information S1).

3. Results
3.1. Freshwater Inputs Exceed and Influence Estuarine Water Chemistry

Water quality budget components were variable in their water chemistry, with wet atmospheric deposition
typically having the lowest concentrations, followed by tributaries and groundwater inputs (Table 2). Mean water
quality concentrations were the lowest for wet atmospheric deposition, except for mean NH," and DIN con-
centrations which exceeded tributary mean concentrations. Groundwater DIN concentrations were five times
greater than tributary mean concentrations (Table 2). Nitrogen input concentrations to Great Bay ranged from low
TN (0.3 mg N L") in atmospheric wet deposition to enriched levels from WWTFs (23 mg N L™ pre-upgrades
and 10 mg N L™ post-upgrades). WWTF concentrations of nutrients were typically several orders of magnitude
higher than other freshwater components, with the WWTFs showing additional variability before and after
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Table 2

Average of Annual Water Quality Concentrations Across Measured Inputs and Outputs to Great Bay

Wet atmospheric WWTF (pre- WWTF (post- Groundwater  Estuary high tide Estuary low tide

Parameter deposition (input)* Tributaries (input)®  upgrades) (input)b upgrades) (input)b (input) (input) (output)

DOC (mg 1+ 0.46 (16) 6.9 + 1.3 (48) 13 £3.9(4) ND ND 2.7 £047 (14) 2.9 + 0.56 (14)°
cL™

PO43_(pg 6.2 +3.9(16) 11 £ 4.4 (36) 1800 (1) ND ND 21 £4.5(16) 20 + 3.4 (16)
PL™Y)

NH,* (mg 0.12 £ 0.026 (16) 0.018 £ 0.006 (48) 14 £ 4.1 (6) ND ND 0.032 £ 0.009 (16) 0.031 % 0.007 (16)
NL™

NO; ™ (mg 0.14 £ 0.032 (16) 0.14 £ 0.047 (48) ND 2.1 £ 1.2 (10) ND 0.081 £ 0.019 (16) 0.079 % 0.017 (16)
NL™

DIN (mg 0.26 + 0.051 (16) 0.16 £ 0.049 (48) ND ND 0.81 £0.89 0.12 +£0.026 (16) 0.11 £ 0.021 (16)
NL™ (20)

DON (mg 0.048 £ 0.024 (16) 0.24 + 0.06 (48) ND ND ND 0.13 + 0.028 (16)  0.15 % 0.035 (16)°
NL™

TDN (mg 0.3 + 0.053 (16) 0.4 + 0.094 (48) 15+ 3.1(6) ND ND 0.24 +0.036 (16) 0.26 + 0.045 (16)°
NL™

PN (mg 0.063 + 0.038 (33) ND ND ND 0.08 + 0.023 (16) 0.099 + 0.022 (16)°
NL™

TN (mg 0.3 + 0.053 (16)° 0.49 £ 0.095 (48) 23 + 8.5 (27) 10 £ 9.4 (12) 0.81 £ 0.89  0.32 +0.047 (16) 0.35 + 0.052 (16)°
NL™ (20)

TSS 3.6 + 2.9 (48) 15 + 8 (36) 44 +2.1(12) ND 18 £ 3.7 (16) 20 + 4 (16)°
(mg
L™

Note. Values are averaged by source and year, before being summarized here as mean + sd (n). For each category and water quality constituent, » is the number of unique
years X stations per category (i.e., 16 years X 3 unique tributaries = 48). Values in italics were sourced from literature. ND indicates no data. *Average of flow-weighted
or precipitated-weighted mean annual concentrations. "WWTF concentrations are divided into pre-facility treatment upgrades (2014-2019) and post-facility upgrades
(2020-2023). Ssignificant (p < 0.05) paired r-test between high and low tide concentrations. TN assumed equal to TDN measured concentrations.

facility upgrades (Table 2). WWTF mean annual TN concentrations decreased by 56% following treatment
upgrades in 2017 and 2020, while TSS concentrations dropped by 70.1% from 2020 onward (Table 2, Table S5 in
Supporting Information S1).

Tributary and WWTF concentrations exceeded both high and low tide samples for DOC, NO;~, DIN, TDN, and
TN. DIN concentrations across all freshwater inputs were higher than estuary samples. Paired z-test results
showed no significant differences in mean annual concentrations of DIN, PO43_, NH4+, NO;™7, and TSS between
high and low tide (Table 2). However, concentrations of TN, PN, TDN, DON, and DOC were significantly higher
at low tide (p < 0.05), with the largest difference observed for PN (18% higher at low tide) and the smallest for
TDN (5% higher at low tide).

Concentration-discharge relationships demonstrated the differential influence of total freshwater discharge to
Great Bay on observed concentrations in the bay at low tide (Figure 3). DIN, DOC, and TN concentrations
significantly increased with increasing freshwater input, while phosphate concentrations diluted (p < 0.05).
Concentrations of PN and TSS did not vary with discharge. Freshwater input explained the most variability in
estuarine DOC concentrations (Adj. R? = 0.33, b = 0.133), followed by TN concentrations (Adj. R* = 0.31,
b = 0.127), and DIN (Adj. R*> = 0.24, b = 0.308). Discharge explained 17% of the variability in PO,*~ con-
centrations (b = —0.252).

3.2. Patterns in Retention Vary by Dissolved or Particulate Status

Inputs to Great Bay varied in magnitude by constituent and source (Table 3). Across constituents, atmospheric
wet deposition was the smallest input with loads often an order of magnitude lower than tributary or WWTF
inputs (Figure S2 in Supporting Information S1). Tributary inputs were the largest contributor across constituents.
Contributions from freshwater inputs varied, with nonpoint sources (i.e., atmospheric deposition, tributaries,
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Figure 3. Concentration-discharge relationships at Adams Point during low tide sampling events. Freshwater discharge from
the three tributaries was summed for a given estuarine sampling day. Log-log linear regression lines are shown. Blue and red
lines indicate significant (p < 0.05) negative and positive slopes, respectively. Shading shows standard error. Note the log
scales on both axes and varying y-axis ranges.
groundwater, and runoff) accounting for 79% and 60% of the total TN and DIN freshwater load prior to the
WWTF nitrogen reductions. Following reductions in point source nitrogen loads, nonpoint sources comprised
95% and 89% of the total TN and DIN freshwater inputs, respectively. Point source nitrogen load reductions were
seen following the WWTF upgrades (Figure 1, Table 3), with TN inputs decreasing 80% from a mean of
42kgNha™' year ' to 8.6 kg Nha~' year™'. WWTF TN inputs were 30% of tributary inputs prior to the upgrades
and 6% following upgrades (Table 3). Although reductions in WWTF nitrogen inputs were substantial (80%
Table 3
Mean + Standard Deviation (n) of Annual Loads, Binned by Budget Component
Wet atmospheric WWTF (pre WWTF (post
Parameter deposition Tributaries upgrade) upgrade) Estuary high tide  Estuary low tide  Coastal runoff ~Groundwater
DOC 13 £ 6.9 (16) 2,000 = 680 31+£72(12) 5.7 £0.89 (4) 31,000 £ 5,300 33,000 £ 6,300 83 + 28 (16) ND
(16) (14) (14)
PO, 0.076 £ 0.048 (16) 3.0+ 1.3(12) 42+089(12) 082+012(4) 250+ 51 (16) 230 £40 (16)  0.12 % 0.06 (12) ND
DIN 3.2 +£0.92 (16) 42 + 10 (16) 33 +7(12) 6.4 £0.97 (4) 1,300 £+ 240 (15) 1,300 = 240 (16) 1.9 £0.45(16) 3.6 £4 (1)
TDN 3.7 £ 0.88 (16) 110 = 33 (16) ND ND 2,800 £ 400 (16) 2,900 =+ 490 (16) 4.7 £ 1.4 (16) ND
PN 0 22 =25 (11) ND ND 930 = 270 (16) 1,100 £ 250 (16) 1.1 £1.4((11) ND
TN 3.7 £ 0.88 (16) 140 £ 53 (16) 42+ 6.4 (12) 86134 3,700 £+ 520 (16) 4,100 + 570 (16) 62+24(16) 3.6 +4(1)
TSS 0 1,000 + 650 38 + 8 (12) 72+1.14) 210,000 + 45,000 230,000 + 48,000 41 + 35 (16) ND
(16) (15) (15)

Note. Loads are normalized by high tide surface area resulting in units of kg ha™'

year™'. Wastewater loads are split into pre- (2008-2019) and post-upgrades (2020~

2023). Values in italics are estimated from literature values and ratios of those constituents to TN measured at the WWTFs. Zeros indicate assumptions regarding
atmospheric wet deposition. ND indicates no data.
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Figure 4. Annual net retention or export (A storage values) for dissolved and particulate forms of nitrogen (a), orthophosphate
(b), DOC (c) and TSS (d). Positive storage values indicate net import into Great Bay and negative storage values indicate
production and export from the estuary. Note that the y-axis scales vary by constituent. Points are colored by total annual
seagrass coverage (ha) for the corresponding years' net retention or export. Points are jittered in the x-direction to better
visualize differences.

decrease), total TN inputs to Great Bay only decreased by 1% (Table 3) due to the consistently high magnitude of
tributary loads (Figure S2 in Supporting Information S1) and high tide inputs (Table 3). Inputs of DOC from the
tributaries were two orders of magnitude greater than that of wet deposition or wastewater inputs (Figure S2 in
Supporting Information S1). TSS loads had the most variability, with high standard deviations suggesting that a
singular monthly water sample does not capture TSS loads precisely.

Due to the size of the tidal prism, estuarine low tide solute and suspended solids output loads (Table 3) were
several orders of magnitude greater than freshwater inputs. For example, DIN low tide output was 31 times greater
than tributary input loads (Table 3). Low tide output loads were of a similar magnitude to high tide inputs,
indicating that tidal input and output loads were balanced. DIN low tide (output) and high tide (input) estuary
loads were balanced with a mean of 1,300 kg ha™' year™! (Table 3). Given this balance in estuarine inputs and
outputs, each constituent budget's net retention or export status was primarily driven by the relative magnitude of
freshwater inputs including tributary, wastewater, groundwater, coastal runoff, and atmospheric loads.

Patterns of net retention or export varied by the dissolved or particulate status of each constituent. Great Bay
retained inputs of DIN and exported excess nitrogen in particulate and total forms (Figure 4a). Between 2008 and
2023, Great Bay assimilated (+A storage) an average of 143 + 185 kg N ha™" year™' of DIN and exported (—A
storage) an excess of 192 + 237 kg N ha™! year™' of PN and 158 + 290 kg N ha™' year™!' of TN (Table 4). The
variation in net retention or export of the various nitrogen forms (Figure 4a) reflects the large interannual range in
inputs and outputs (Table 4). On average, TN output loads exceeded input by 4% + 2%. Interannual variability
showed more years with excessive net export (>375 kg N ha™"' year™', n = 5) than net retention, with the highest
retention year only retaining 295 kg N ha™' year™' (Figure 4a). PN annual loads were 26% of TN input and 30% of
TN output from Great Bay. Annual inputs of DIN were 35% of TN input loads and 31% of TN output. Patterns of
net retention or export did not clearly vary with changes in seagrass coverage (Figure 4a). Yields of PO,>~ into
and out of Great Bay resulted in net retention of 19 + 35 kg P ha™" year™' (Figure 4b). Average DOC input and
output yields nearly balanced each year, resulting in a net retention close to zero (Figure 4c, Table 4). TSS patterns
were similar to other particulate constituents, including TN and PN, with a net export pattern across most years.
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Mean + Standard Deviation (Minimum; Maximum) Loads, Including Normalized Loads, Binned by Budget Term
Input Output Storage
Normalized load (kg Normalized load Normalized load
Parameter Load (kg yr™ ") ha™' yr") Load (kg yr™") (kg ha™' yr™") Load (kg yr™") (kg ha™"' yr™")
DOC 5.66E7 + 9.92E6 3.33E4 + 5.84E3 5.67E7 + 1.07E7 3.34E4 + 6.30E3 —1.57ES + 4.70E6 —9.21E1 + 2.76E3
(4.03E7, 7.24E7) (2.37E4, 4.26E4) (4.06E7, 7.44E7) (2.39E4, 4.38E4) (=1.02E7, 9.97E6) (—5.98E3, 5.86E3)
PO~ 4.37E5 + 7.46E4 2.57TE2 + 4.39E1 4.05E5 + 7.04E4 2.38E2 + 4.14E1 3.22E4 + 5.96E4 1.90E1 + 3.51E1
(3.20E5, 5.77ES) (1.88E2, 3.39E2) (2.83E5, 5.28E5) (1.67E2, 3.11E2) (—5.29E4, 1.75E5) (=3.11El, 1.03E2)
DIN 2.39E6 + 4.20E5 1.41E3 + 2.47E2 2.15E6 = 3.82E5 1.26E3 + 2.25E2 2.43E5 + 3.14E5 1.43E2 + 1.85E2
(1.92E6, 3.43E6) (1.13E3, 2.02E3) (1.23E6, 2.83E6) (7.26E2, 1.67E3) (—3.26E5, 7.21E5) (—1.92E2, 4.24E2)
PN 1.71E6 + 5.32ES5 1.01E3 + 3.13E2 2.04E6 + 4.07E5 1.20E3 + 2.39E2 —3.26E5 + 4.03E5 —1.92E2 + 2.37E2
(1.26E6, 3.24E6) (7.43E2, 1.90E3) (1.53E6, 2.74E6) (9.02E2, 1.61E3) (—=9.15E5, 4.99E5) (—5.38E2, 2.94E2)
TN 6.63E6 + 9.53E5 3.90E3 + 5.60E2 6.90E6 + 9.70E5 4.06E3 + 5.71E2 —2.69E5 + 4.93E5 —1.58E2 + 2.90E2
(5.40E6, 8.66E6) (3.17E3, 5.09E3) (5.34E6, 9.35E6) (3.14E3, 5.50E3) (—1.19E6, 5.00E5) (=7.01E2, 2.94E2)
TSS 3.53E8 + 7.90E7 2.07ES + 4.49E4 3.86E8 + 8.11E7 2.27ES + 4.77E4 —3.45E7 + 6.78E7 —2.03E4 + 3.99E4
(2.00E8, 4.93E8) (1.17ES5, 2.87ES) (2.39E8, 5.07E8) (1.41E5, 2.98E5) (—1.41E8, 1.25E8) (—8.28E4, 7.36E4)

Note. Most water quality constituents have an n of 16 years, except for PO43_ (n = 12). Normalized loads are per hectare of estuarine surface area.

—1 1

Output of TSS exceeded input almost every year, resulting in an average A storage of —20,300 kg ha
(Figure 4d).

year

3.3. Seasonal Nitrogen Limitations and Light Availability Drive Ecological Response

Comparison of monthly molar ratios of DIN:PO,>™ for freshwater inputs to estuarine low tide output highlights a
seasonal switch from phosphorus to nitrogen limitation (Figure 5). Freshwater inputs of dissolved nutrients
remained above the Redfield Ratio across all months (Figure 5a). Monthly median N:P ratios for freshwater
inputs ranged from 19 to 37, with March having the highest median ratio (Figure 5a). Log-transformed freshwater
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Figure 5. Molar DIN:PO43 ~ ratios for monthly freshwater inputs (a) and total outputs (b). Red line indicates the Redfield
Ratio of 16:1. Values below the red line indicate nitrogen limitation. Lowercase letters below each boxplot show results of
post hoc Tukey tests on log-transformed ratios; months sharing the same letter(s) are not significantly different (p > 0.05).
Six individual monthly N:P ratios are omitted in panel b (>100 N:P molar ratio) for figure clarity.
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a & input N:P molar ratios varied significantly across months (ANOVA,
Q@o\ p < 0.05), with Tukey HSD post hoc comparisons revealing significantly
(\\)‘b\ S o & " lower ratios in summer compared to early spring (March) and early winter
¥ S OO <2e L NS & (December), though still above the Redfield Ratio (Figure 5a). Estuarine

output fell below the Redfield ratio (<16:1 ratio) during the summer and into
RS autumn, suggesting likely nitrogen limitation. Monthly median N:P ratios for

low tide outputs ranged from 3 to 39 (Figure 5b). Log-transformed output

molar ratios differed significantly among monthly ebb tide molar ratios
(ANOVA, p < 0.05), with post hoc comparisons revealing higher molar N:P

b Q@o\Q in early spring compared to summer (Figure 5b).
N
\?S\Q\){b O\é <)QC’ & QOD‘ & & Seagrass annual coverage negatively correlated with inputs of DOC, PN,
PO,>", and TSS, with PN and TSS explaining a significant amount of vari-
Zostera * \ ‘ * ability (Figure 6a). Annual PN input load to the estuary explained most of the
variability in seagrass coverage (Adj. R* = 0.69, p < 0.01). The relationship
| s was mostly driven by the highest PN input load corresponding to the same
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Figure 6. Correlation heatmap results between seagrass acreage (Zostera),
annual precipitation (mm), and nutrient, carbon, and TSS input (a) and

0 02 04 06 08 1

year (2023) as the lowest seagrass coverage (Figure 1, Figure S2 in Sup-
porting Information S1, Figure 4a). TSS inputs explained 37% of the vari-
ability in seagrass decline (Adj R> = 0.37, p < 0.05). DOC and PO,*>~ inputs,

storage (b) loads (kg ha™" yr™"). Size, color, and direction of ellipses indicate while exhibiting significant correlation coefficients, did not explain a sig-
strength and direction of the correlation, with skinnier ellipses showing nificant amount of variability in seagrass coverage in the linear regression
stronger correlations. Color scale shows the Pearson correlation coefficient, (p > 0.05). Seagrass coverage negatively correlated with the net retention of

with dark blue indicating a perfect positive correlation (» = 1) and dark red
indicating a perfect negative correlation (r = —1). Stars mark significant

correlations (p < 0.05).

PN, PO,*", and TSS, but was mostly driven by combined high retention (+A
storage) and low eelgrass coverage in 2023 (Figures 4 and 6b).

4. Discussion
4.1. Great Bay Exports Particulate Nutrients and Retains Dissolved Nutrients

The net retention of DIN and PO,*~ and export of PN, TN, and TSS suggests that Great Bay is critical for the rapid
transformation of dissolved nutrients and export of particulate nutrients. This pattern is commonly observed
across estuaries with varying sizes, freshwater discharge inputs, and residence times, suggesting that it extends
beyond these factors and is likely driven by large nutrient inputs (Baird et al., 1987; Boynton et al., 1995; Nixon
et al., 1996; Young et al., 2005; Zuo et al., 2016). For example, the Chesapeake Bay, another eutrophic estuary,
exports 45.88E6 kg N yr~' as TN (Boynton et al., 1995). Average TN output from Great Bay is only 6.6 times
smaller (Table 4). Other estuarine budgets show similar export trends for PN and TSS. Despite much lower
freshwater inputs, Great Bay's PN export to input ratio (1.19) is comparable to the East China Sea ratio of 1.37
(Zuo et al., 2016). A well-mixed South African estuary exported TSS (5.3E6 kg year™ ') within the same order of
magnitude as Great Bay (2.3E6 kg year™") (Baird et al., 1987). Net retention of dissolved nutrients has also been
documented across many estuaries (Aoki et al., 2020; Fisher et al., 1988; Lebo & Sharp, 1992; Nixon et al., 1995;
Young et al., 2005). One temperate estuary retained 37% of ammonium and 18% of nitrate inputs (Bukaveckas
etal., 2018), which is a similar magnitude seen in Great Bay (~10% DIN retained). Despite high nitrogen loading
per hectare of estuary, Great Bay continues to have high uptake of dissolved nitrogen in accordance with other
studies using similar approaches.

The contrast between PN export and DIN retention points to transformation between the dissolved and particulate
nitrogen pools. Higher TN loads (Table 3) at low tide indicate internal sources are necessary to make up the
difference between inputs and outputs and drive the system toward net TN export. The continued net export of PN
and TN, despite significant reductions in WWTF inputs (Figure 4a), further supports the likelihood of additional
internal nutrient sources unaccounted for in this model. Despite the large decrease in WWTF TN and DIN inputs,
no response in Great Bay's seagrass coverage was observed (Figures 1, 4, and 6). Either existing PN sources or
new production of PN from DIN incorporation into biomass could provide the necessary internal PN sources
contributing to net export. Concentrations of PN and TSS from Great Bay were 24% and 11% greater, respec-
tively, during low tide relative to high tide, suggesting that sediment resuspension could be an internal source of
particulate nitrogen. Ebb tides typically have higher concentrations of PN due to sediment resuspension by
outgoing currents (Baird et al., 1987; Takasu et al., 2020). PN concentrations are often higher in turbid estuaries

MIKULIS ET AL.

12 of 20

85UB01 7 SUOWILLIOD 381D 3(edt|dde ayy Aq peusenob ke ssjoiie YO 8sN JO S9Nl Joj ARIq1T8UIIUO AB|IA UO (SUORIPUCO-PUR-SULLBILOD"AB | 1M AReIq 1 [ul[UO//Sdiy) SUORIPUOD PUe SW 18U} 885 *[9202/20/90] Uo AfelqiTauliuo Ao|im ‘aaiusdureH MeN JO AiSeAIUN AQ ¥6880090GZ02/620T OT/I0p/LI0Y A8 1M Atelqjpul|uo sqndnBe//sdny Wwo.j pepeojumod ‘Z ‘9202 ‘19686912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20251G008894

(Sarma et al., 2014), which is consistent with our observation that Great Bay's mean annual TSS output exceeded
input by 10%. The recent seagrass loss in Great Bay (Figure 1) means the loss of sediment trapping through
attenuation of wave energy, which can result in more sediment resuspension and loss of particulates on the ebbing
tide (Barbier et al., 2011; de Boer, 2007; Fonseca & Cahalan, 1992; Hansen & Reidenbach, 2013; Reidenbach &
Thomas, 2018). The high percentage of silt in Great Bay sediments (>25%) means bare sediments are even more
vulnerable to resuspension, as smaller particles have lower critical shear stress thresholds (Cook, 2019; Wengrove
et al., 2015). The potential increase in sediment resuspension along with relatively low residence times could
account for the net export of particulate nutrients. TN export negatively correlates with increasing water residence
time, suggesting that lower residence times promote flushing of particulates faster than they can be retained
(Nixon et al., 1996). With a residence time of less than 1 month (Bilgili et al., 2005), Great Bay is toward the lower
end of the range in residence times seen in estuaries, making it more likely to export more TN (Nixon et al., 1996).

DIN retention is likely driven by primary producer uptake, whose biomass may then contribute to net PN export.
This conclusion is supported by the switch in N:P ratios from phosphorus limited freshwater inputs to nitrogen
limited estuarine output (Figure 5), suggesting that rapid uptake of DIN results in reduced N:P ratios on the
outgoing tide. DIN retention in estuaries has been shown to be 10 times greater when water temperatures exceed
20°C, indicating that temperature-dependent processes such as nitrogen assimilation can be important in overall
nitrogen retention capacity (Bukaveckas et al., 2018). In Great Bay, daily water temperatures regularly exceed 20°
C during the growing season (Figure S3 in Supporting Information S1) and coincide with the summer nitrogen
limitation suggested by the N:P ratios observed at low tide (Figure 5). Globally, nitrogen uptake by Z. marina
varies dramatically, with estimates as low as 2.62 g N m~> year™' (Aoki et al., 2020) and as high as
34.5 g N'm~? year™' in Denmark (Pedersen & Borum, 1993). Applying those uptake rates to annual Great Bay
seagrass coverage results in average uptake between 10.5 kg N ha™' year™" and 137 kg N ha™" year™' (n = 24),
which is equivalent to 7.9% and 105% of the average estimate of DIN retention. The continued DIN retention
across our period of record despite seagrass loss suggests that other primary producers (e.g., seaweed and
phytoplankton) are taking up nitrogen. This is further supported by the net export of particulate nitrogen observed
in the system, as phytoplankton biomass is captured in PN measurements (Zhang et al., 2022). Seaweed percent
cover for both red and green species has declined, while brown seaweeds have increased between 2013 and 2018
(Burdick et al., 2019). Phytoplankton are the most probable source of DIN retention as chlorophyll-a concen-
trations have steadily increased over the same period as seagrass loss (Piscataqua Region Estuaries Partner-
ship, 2023). Nitrogen assimilation by seaweed and phytoplankton was not estimated in our study due to lack of a
bay-wide coverage estimate.

Given that the residence time in Great Bay ranges from 5 to 20 days (Bilgili et al., 2005), plant-bound nitrogen
may leave the estuary in particulate form before it can be mineralized and returned to the dissolved nitrogen pool.
DIN retention by seagrasses, seaweed, and phytoplankton can range from months to days, with phytoplankton
having the shortest timeframe for remineralization (Duarte, 1995; McGlathery et al., 2007). Drifting seagrass
blades and seaweed have been shown to contribute to the net export of biomass from an estuary (Bach et al., 1986)
and could also drive the net loss of particulate nitrogen that we have observed. Decomposition processes are often
slow within estuarine sediment beds, potentially creating a time-lag between N assimilation in live tissues and
mineralization of detritus-bound N. Slow decomposition of seagrass root material in other studies indicates that
the sediment organic matter pool, including particulate nitrogen, often carries over from previous growing sea-
sons (Kenworthy & Thayer, 1984; McGlathery et al., 2007). Portions of DIN taken up by Z. marina may therefore
remain in Great Bay sediments as decomposing root material that eventually may exit the estuary as particulate
material stirred up during sediment resuspension.

As N:P ratios in Great Bay indicate summer nitrogen limitation (Figure 5), biotic uptake of orthophosphate is a
plausible explanation for the retention of PO43 ~. Estuarine systems typically have total N:P ratios that range
between 10 and 20, thus falling close to the Redfield Ratio of 16:1 (Downing, 1997). Even with the observed
wider N:P range in this study, our results are consistent with global observations of estuaries fluctuating between
N and P limitation (Downing, 1997). Median N:P ratios for inputs into Great Bay drop below the Redfield Ratio
starting in July, indicating that N is likely to be the limiting nutrient in the summer and fall months, while P is
limiting in the spring. Seasonal fluctuation between N and P limitation has been observed in the Chesapeake Bay,
with phytoplankton being P limited in the spring and N limited in the summer (Malone et al., 1996). This switch is
thought to be driven by temporal variation in whether growth-rates or biomass of phytoplankton is nutrient limited
(Malone et al., 1996). Phytoplankton and macroalgae species outcompete rooted submerged aquatic vegetation
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for dissolved inorganic nutrients (Short et al., 1995; Valiela et al., 1997). In Waquoit Bay, macroalgal biomass
accumulates in summer, when temperatures and light availability provide ideal growth conditions (Peckol
et al., 1994). Consequently, these primary producers can rapidly deplete dissolved inorganic nutrients from the
water column and create a shift in N:P ratios. A similar situation may be occurring in Great Bay.

Conditions in the sediment bed of Great Bay may also drive the net sink behavior of PO,*~. Often, estuarine
PO,> retention occurs in conjunction with increases in total phosphorus export, indicating a transformation of
PO,*” into particulate phosphate (Lebo & Sharp, 1992). The movement between dissolved and particulate
phosphorous fractions occurs with burial and uptake of dissolved inorganic forms. PO,>~ can bind to iron oxides
in estuarine sediments under aerobic conditions (Mort et al., 2010; Sulu-Gambari et al., 2018). Burial efficiency,
the percentage of total phosphorus input at the sediment bed surface that is buried at depths of 10 cm and deeper
ranged between 16% and 23% in Lake Grevelingen, a former estuary in the North Sea (Sulu-Gambari et al., 2018)
and 61% of all total phosphorus inputs in the Patuxent River Estuary (Boynton et al., 2008). The well-oxygenated
conditions (Table S1 in Supporting Information S1) in Great Bay and minimal evidence of PO,> release from
resuspension of benthic sediments and diffusive flux (Percuoco et al., 2015; Wengrove et al., 2015) support PO43_
burial contributing to net orthophosphate retention.

DIN retention in Great Bay may also occur via permanent removal through denitrification, the transformation of
nitrate into gaseous forms of nitrogen. Denitrification rates in estuaries vary, with highest rates often observed in
seagrass meadows (Aoki & McGlathery, 2017; Eyre et al., 2016). Annual denitrification estimates in oligotrophic
seagrass meadows range from 0.62 g N m™2 year™' to 14.9 g N m~? year™' (Aoki et al., 2020; Garcias-Bonet
et al., 2018), which scales to a rate between 2.09 + 0.33 kg N ha™' year™' and 50.2 + 7.8 kg N ha™' year™'
based on annual Z. marina coverage and bay surface area. This suggests, without any in situ measurements, that
denitrification within Great Bay accounts for between 1.5% and 35% of mean annual DIN retention or removal.
Great Bay is a eutrophic estuary and receives more than 10 times the N load per hectare than the oligotrophic
seagrass meadows sites previously studied (Aoki et al., 2020). Eutrophic estuaries have higher nitrate availability,
which typically fuels greater rates of denitrification (Seitzinger et al., 2006; Welsh et al., 2001). Consequently, the
contribution of denitrification to nitrogen removal in the eutrophic Great Bay system is likely underestimated.
Given the wide range of uncertainty surrounding denitrification rates in seagrass meadows, future work to es-
timate denitrification within Great Bay would greatly improve our understanding of nitrogen retention and
removal in coastal systems.

4.2. Freshwater Inputs Drive Delivery of Light Limiting Nutrients, Carbon, and Sediments

The increase in both DIN and TN concentrations with increasing freshwater discharge to Great Bay also supports
the net retention of DIN and export of particulate nitrogen from the system. Salinity levels in estuaries decrease
with increasing freshwater input (Regnier et al., 2013) and variability in freshwater input influences the watershed
delivery of terrestrially derived constituents (Eyre & Balls, 1999). As tributary freshwater input increased, Great
Bay saw higher DIN concentrations on the outgoing tide (Figure 3), but still had net retention of DIN (Figure 4).
This suggests the higher low tide DIN concentrations represent leftover nitrogen after assimilation or denitrifi-
cation removed both the freshwater inputs and high tide inputs of DIN. Higher DIN availability supports
phytoplankton and seaweed growth and may thus indirectly contribute to seagrass decline through light limitation
(Short et al., 1995). Continued seagrass decline despite WWTF nitrogen reductions (Figure 1) suggests DIN from
nonpoint sources like tributaries (Figure 3) may be a continued stressor in the system, as evidenced by continued
DIN retention.

Freshwater inputs of DOC and TSS to Great Bay imposed additional light limitation stress on the system. Strong
positive correlations between freshwater inputs and DOC concentrations at low tide (Figure 3), and the strong
positive correlation between annual rainfall and both DOC and TSS inputs, implies that watershed inputs affect
light availability in the estuary. DOC concentrations in estuaries can act as a proxy for light attenuating and light
scattering colored dissolved organic matter (CDOM), as DOC and CDOM are correlated (Ferrari et al., 1996).
Both TSS and DOC reduce light availability through the water column, negatively impacting seagrass growth and
resulting in seagrass decline (Adams et al., 2016; van der Heide et al., 2007). Notably in Great Bay, seagrass
coverage was the lowest on record in 2023 (Figure 1a), which corresponded with an above-average rainfall year
(Figure 1b) along with high freshwater inputs of DOC, PN, and TSS (Figure S2 in Supporting Information S1).
The observed climatic variability seen in the record rainfall year in 2023 may have contributed to seagrass decline
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by increasing the delivery of light-limiting factors. The strong negative correlations observed between annual
seagrass coverage and both DOC and TSS inputs to Great Bay (Figure 6) provide further support for our
contention that riverine inputs are affecting Z. marina in Great Bay.

Seagrass response to management actions can lag significantly behind changes to nutrient loads. For example,
there was a 10-year time lag between nutrient reductions and seagrass recovery in Tampa Bay (Tomasko
et al., 2018). It may thus be too early to tell if seagrass will recover in response to the decreases in point source
DIN loading to Great Bay. No response in seagrass has been observed, suggesting continued eelgrass decline is
due to other stressors such as high nonpoint source nitrogen loads and light attenuation. The Total Nitrogen
General Permit for Great Bay Estuary recommends a 57% reduction in TN loads beyond 2020 levels to the estuary
across point and nonpoint sources (Piscataqua Region Estuaries Partnership, 2023). Additionally, if other
stressors associated with non-point source pollution, including but not limited to nitrogen, are not further reduced
as recommended in the EPA Total Nitrogen Permit, the magnitude of seagrass recovery will likely lag behind
expectations. This will be especially true for the warmer portions of the estuary such as the Great Bay. As
temperatures near and exceed 25 C°, seagrass requires even more water clarity to meet metabolic requirements
(Lefcheck et al., 2017).

4.3. Sources of Uncertainty in Budgets

The wide range in net storage (Table 4, Figure 4) implies that Great Bay can flip between net sink and net source
for some water quality constituents, which may relate to the influence of freshwater inputs and climate variability
on estuarine water chemistry but also may reflect uncertainty in model terms. Given the uncertainty in the storage
terms for each constituent, some storage terms for individual years could switch between apparent export and
retention due to the propagation of error terms as inputs and outputs were summed and subtracted. By examining
the overall tendencies of annual budgets for each constituent across 16 years, we believe that we have captured
overall system behavior. Focusing on the central tendency of the storage terms generated each year allows the use
of individual years as replicates and aids in interpretation of general trends for the estuarine filter. Uncertainty
associated with tidal transport is difficult and often beyond the capability of modeling methods (Boynton
et al., 2008; Robson et al., 2008). Because the Great Bay tidal prism is very large and is reported without un-
certainty estimates (Swift & Brown, 1983), we place considerable weight on detailed biogeochemical assess-
ments of nutrient and organic matter dynamics within the estuary to infer retention and transformation of solutes
and particulate matter, rather than relying solely on total inputs and outputs alone.

Future work should include measurements of other water quality constituents in addition to the nitrogen and TSS
that are currently measured in wastewater effluent, as DOC and PO,>~ inputs to estuaries can be important
sources of light attenuation, either directly as DOC scatters and absorbs light or indirectly through nutrient uptake
by phosphorus-limited algae. We suspect that DOC is low and PO,>~ is high in treated effluent (Steele
et al., 2010), but data would help constrain the sources and impacts of point sources in estuarine budgets.
Additionally, estimates of suspended sediment production within the estuary would boost confidence in the TSS
flux calculations. As tidal prism was used to calculate tidal TSS loads, use of flow-weighted concentrations was
not possible (whereas freshwater inputs could be flow-weighted). It is unclear how representative a monthly grab
sample for TSS is within the estuary, as suspended solids concentrations are sensitive to storms, winds, and
freshwater discharge (Wang et al., 2018; Ward & Bub, 2005).

5. Conclusions

Biogeochemical processes within Great Bay continue to play a significant role in the terrestrial-to-ocean nutrient
transport pipeline despite significant seagrass loss over the last several decades. Given this seagrass loss, other
mechanisms of uptake and transformation beyond seagrass-mediated processes are likely driving the balance
between retention and export of nutrients. The contrasting behavior of particulate and dissolved forms of nutrients
in Great Bay is striking. On a decadal and annual scale, Great Bay is a net exporter of TN, PN, and TSS, but a net
importer of dissolved nutrients and carbon. This difference across forms of nutrients demonstrates the influence of
biological drivers on estuarine biogeochemical cycles. The apparent balance between phosphorus and nitrogen
limitation in Great Bay further supports the net retention of dissolved solutes. As primary producers assimilate
dissolved nitrogen, phosphorus, and carbon, these solutes are incorporated into particulate forms and subse-
quently are exported from the system.
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temporarily reduced. Thus, high DIN input could be a stressor to the ecosystem, contributing to nutrient-
stimulated light attenuation by planktonic algae and seaweed. Alternatively, net DIN retention can be the
result of processes such as denitrification. As nitrogen reductions in WWTFs continue to maintain lower nitrogen
loads, it remains to be seen whether the biogeochemical capacity of the estuarine filter system will facilitate the
eventual recovery of seagrass meadows. Despite significant reductions in point source nitrogen loading from
WWTFs, nitrogen loads from other sources, including tributaries, may remain above the threshold for seagrass
recovery. Additionally, the high inputs of light-limiting solutes and suspended solids continue to act as stressors
on seagrass persistence and recovery.
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