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Abstract
Estuaries are among the most productive of aquatic ecosystems. Yet the collective understanding of patterns and drivers of 
primary production in estuaries is incomplete, in part due to complex hydrodynamics and multiple controlling factors that 
vary at a range of temporal and spatial scales. A whole-ecosystem experiment was conducted in a deep, pelagically domi-
nated terminal channel of the Sacramento-San Joaquin Delta (California, USA) that seasonally appears to become nitrogen 
limited, to test whether adding calcium nitrate would stimulate primary productivity or increase phytoplankton density. 
Production did not respond consistently to fertilization, in part because nitrate and phytoplankton were dispersed away from 
the manipulated area within 1–3 days. Temporal and spatial patterns of gross primary production were more strongly related 
to stratification and light availability (i.e., turbidity) than nitrogen, highlighting the role of hydrodynamics in regulating sys-
tem production. Similarly, chlorophyll was positively related not only to stratification but also to nitrogen—with a positive 
interaction—suggesting stratification may trigger nutrient limitation. The average rate of primary production (4.3 g O2 m−2 
d−1), metabolic N demand (0.023 mg N L−1 d−1), and ambient dissolved inorganic nitrogen concentration (0.03 mg N L−1) 
indicate that nitrogen can become limiting in time and space, especially during episodic stratification events when phyto-
plankton are isolated within the photic zone, or farther upstream where water clarity increases, dispersive flux decreases, 
and stratification is stronger and more frequent. The role of hydrodynamics in organizing habitat connectivity and regulating 
physical and chemical processes at multiple temporal and spatial scales is critical for determining resource availability and 
evaluating biogeochemical processes in estuaries.

Keywords  Estuary · Nutrients · Light · Metabolism · Hydrodynamics · Phytoplankton · Ecosystem management

Introduction

Estuaries are among the most productive of aquatic eco-
systems (Hoellein et al. 2013). Hydrological connectivity 
between rivers and the ocean drives heterogeneity in numer-
ous physical and chemical properties, creating a myriad of 
habitats in which rates of primary and secondary production 
are elevated as a result of organic matter and nutrient inputs 
from freshwater and marine sources (Kelly and Levin 1986; 
Hopkinson and Smith 2005; Cloern et al. 2014). It is fairly 
well understood that variation in nutrients, light, and water 
clarity in estuaries drive spatial and temporal variability in 
primary production (Boynton et al. 1982; Jassby et al. 2002; 
Cloern et al. 2014), relations that are broadly consistent with 
observations from other aquatic systems (Hoellein et al. 
2013; Solomon et al. 2013; Bernhardt et al. 2018). However, 
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whereas variation in drivers of primary production at short 
timescales have been thoroughly explored in lotic and lentic 
waters, similar studies in estuaries have lagged (Hoellein 
et al. 2013; Murrell et al. 2018; Wang et al. 2018; Loken 
et al. 2021), in part because of their high degree of habitat 
heterogeneity and complex tidal hydrodynamics (Kemp and 
Boynton 1980; Cloern et al. 1983; Cloern 1996; Beck et al. 
2015; Lenoch et al. 2021a).

Production in estuaries may have multiple controls that 
vary spatially and temporally in accordance with hydrody-
namic variability, including tidal strength, wind, and riverine 
inputs (Cloern 1996; Ragueneau et al. 1996; Yin et al. 1997; 
Mallin et al. 1999; Lucas et al. 2006). Advective and disper-
sive processes establish gradients in nutrients and turbidity, 
regulating both phytoplankton exposure to light and uptake 
potential of nitrogen (N) and phosphorus (P) (Kemp and 
Boynton 1984; Koseff et al. 1993; Sin et al. 1999; Yin and 
Harrison 2000; Wang et al. 2021). Where water exchange 
rates are high, nutrient availability may be high due to short 
water turnover times, yet light availability in these loca-
tions can be low due to high turbidity (Mallin et al. 1999; 
Domingues et al. 2011; Xu et al. 2012; Cloern et al. 2016). 
Spatial heterogeneity within estuaries allows for light to be 
more available and nutrients to be more limiting in terminal 
sloughs and other off-channel habitats, where exchange rates 
of water are lower (Powell et al. 1989; Bernhard and Peele 
1997; Downing et al. 2016; Stumpner et al. 2020a).

The factors governing primary production in terminal 
channels, where water exchange rates are low and age of 
water increases, are complex (Lopez et al. 2006; Cloern 
2007; Downing et al. 2016), with important implications 
for energetic source—sink dynamics within the ecosystem 
(Malone et al. 1986; Crosswell et al. 2017; Wang et al. 2018). 
Despite their historic loss, terminal sloughs, with their habitat 
complexity, continue to provide important contributions to 
the food web for pelagic consumers in estuaries (Carle et al. 
2020; Young et al. 2020). Although these habitats can sup-
port higher phytoplankton abundance than areas with faster 
water exchange rates (Stumpner et al. 2020a), the extent 
to which nutrient limitation may play a role in regulating 
phytoplankton remains unclear, especially in the context of 
transport processes that can be dominated by tidal hydrody-
namics that vary at short timescales. While the complexi-
ties of hydrodynamics are often acknowledged, fundamental 
questions about the processes involved, the timescales and 
conditions under which they operate, and the mechanistic 
implications for rates of primary production are rarely empir-
ically tested.

Herein, we evaluated short timescale variations in drivers 
of primary production and chlorophyll a (Chl a) biomass in 
a terminal slough within the Sacramento-San Joaquin Delta 
where hydrological connectivity is limited and varies along 
a landward gradient (Downing et al. 2016; Feyrer et al. 2017; 

Stumpner et al. 2020b). The experiment broadly asks the 
following: (1) does N become limiting to primary produc-
tion in this terminal slough? (2) how often and under what 
conditions do tidal hydrodynamics mediate nutrient limita-
tion? and (3) what are the relevant timescales involved? We 
characterized the availability of light and nutrients within 
the system to establish seasonal variations in potential con-
trols on primary production and demonstrated N limitation 
of phytoplankton production through laboratory bioassays. 
After identifying when and where N appeared limiting in 
the system (dissolved inorganic nitrogen (DIN) < 0.03 mg N 
L−1), we conducted a whole-ecosystem experiment where 
calcium nitrate was applied and monitored within a 7-km 
reach over a 2-month period (Table S1). Opportunities for 
such whole-system manipulations are rare but have yielded 
valuable insight into mechanistic controls of primary pro-
duction in both marine and freshwater systems (Martin et al. 
1994; Carpenter et al. 1995; Boyd et al. 2000; Schindler 
et al. 2008). Following our whole-ecosystem manipulation, 
we measured temporal and spatial variation in stratification, 
dispersion (Lenoch et al. 2021a), phytoplankton/zooplankton 
abundance, nutrient concentrations, and water clarity, all of 
which influence ecosystem energetics, which we character-
ized by modeling metabolic rates (Loken et al. 2021). Under-
standing the linkages between hydrodynamics and controls 
of primary production is critical for guiding future man-
agement actions aimed at increasing food supply for delta 
fish populations (Frantzich et al. 2021; Hartman et al. 2021) 
and, more generally, for improving understanding of coupled 
physical-biogeochemical dynamics in estuaries.

Methods

Site Description

The Sacramento-San Joaquin Delta (California, USA; here-
after “the delta”) is the landward and predominantly fresh-
water part of the largest estuary on the Pacific Coast of North 
America. The delta has a long history of environmental and 
hydrologic alterations that have resulted in overall low produc-
tivity and declines among many pelagic organisms (Sommer 
et al. 2007; Van Nieuwenhuyse 2007; Lund et al. 2010; Cloern 
et al. 2011; Whipple et al. 2012; Marineau and Wright 2014; 
Healey et al. 2016). Most of the historic off-channel wetland 
areas are farmed, and natural waterways have been replaced 
by a network of mostly narrow, deep, and rocked conveyance 
canals (Robinson et al. 2014; Cloern et al. 2016). Along with 
introduced species, these physical changes have contributed to 
the delta’s comparatively low productivity.

The Sacramento River Deep Water Ship Channel (DWSC) 
is one of the few remaining deep, off-channel habitats of the 
delta. The DWSC was constructed in 1963 to allow oceangoing 
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ships passage to the Port of West Sacramento (Fig. 1). The 
DWSC is approximately 40 km long and 150 m wide, has a 
mean depth of 7.5 m, and has minimal peripheral shallow-
water habitat (Fregoso et al. 2020). The entire DWSC is tidal, 
where water levels fluctuate up to 2 m daily. A set of decom-
missioned locks connects the northern terminus of the DWSC 
to the Sacramento River. The DWSC lacks stream inputs, and 
although some water leaks through the locks during periods of 
high river flow, net flows in the DWSC are minimal (Lenoch 
et al. 2021a). Water originating from the lower Sacramento 

River and Cache Slough Complex floods into the lower 
DWSC during each tide cycle, gradually dispersing landward. 
Functionally, the system resembles a dead-end slough with a 
straight and homogeneous channel for most of its length.

While the physical dimensions of the DWSC appear uni-
form, multiple physical and chemical gradients exist along the 
DWSC longitudinal axis driven primarily by hydrodynamics. 
During each low tide, the majority of the water volume remains 
in the DWSC, but some fraction of the water in the lower 
portion of the DWSC exchanges with the greater delta. The 

Fig. 1   Location of Sacramento River Deep Water Ship Channel, 
long-term sampling sites (left), and sampling design during the 
experiment (right). Fertilizer was applied each day to a 0.4-km seg-
ment (green polygon) centered at the long-term sampling site (NL74). 
Based on hydrodynamics, the fertilized water mass could be seaward 

or landward of NL74, moving up to 4 km daily due to tides (excur-
sion length). Sensor arrays (half-ovals) were deployed ~ 30 from the 
western shore. Synoptic sampling occurred in the center of the chan-
nel at 7 sites (orange diamonds and red squares) evenly spaced longi-
tudinally. Note the inset not drawn to scale
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location of the boundary between the “mixed” and “persisting” 
water masses continually changes with the strength and phas-
ing (i.e., ebb and flood) of the tides (Stumpner et al. 2020b). 
Moving landward from this Lagrangian habitat boundary, tidal 
energy dampens and the DWSC becomes increasingly isolated 
from the rest of the delta. Through evaporation, water isotope 
ratios (δ2H, δ18O) and specific conductivity (SPC) gradually 
increase landward (Figs. S1 and S2), both of which are prox-
ies for relative water age (Downing et al. 2016; Gross et al. 
2019). Water in the upper channel is older and exchanges with 
seaward environments more slowly (Lenoch et al. 2021a), 
whereas the lower channel has faster water velocities and has 
greater rates of water exchange. Spatial patterns in turbidity, N 
availability, and tidal dispersion create a gradient of generally 
increasing water clarity and decreasing DIN landward from the 
turbidity maximum (Feyrer et al. 2017) (Fig. S1).

Characterizing Nutrient Limitation

Long-term water chemistry and laboratory incubations were 
used to assess the potential of nutrient limitation in the DWSC. 
Physical, chemical, and biological properties at 13 sites between 
Antioch and West Sacramento, CA were sampled ~ monthly 
between 2012 and 2019 (Fig. 1). Here, we present turbidity, 
Secchi depth, SPC, N and P concentrations, Chl a, phytoplank-
ton biovolume, and zooplankton biomass (see Fig. S1). Given 
comparatively high P concentrations, N was considered poten-
tially limiting when DIN was below 0.03 mg N L−1 as typically 
occurred during the summer months landward of station NL74 
(Fig. S3). While this concentration threshold is somewhat 
arbitrary, it is near the analytical detection level in this study 
(0.01 mg N L−1) and ~ 25% of the average unconstrained N 
demand estimated based on laboratory incubations (Table S2).

Bioassay incubations were used to directly test for nutri-
ent limitation starting in May 2018 by modeling pelagic 
metabolic rates using changes in dissolved oxygen (DO). A 
total of 6 L of surface water (~ 1 m depth, passed through a 
150-µm screen to remove zooplankton) was collected from 
four sites (NL34, NL64, NL70, and NL74) on nine dates 
between May 2018 and May 2019. Water was stored at ambi-
ent temperature in the dark for no more than 8 h prior to 
dividing into three treatments, consisting of a control (no 
amendment), + N (amended with NO3-N raising concentra-
tions by 1 mg N L−1), and + NP (amended with NO3-N and 
PO4-P raising the concentrations by 1 mg N L−1 and 0.15 mg 
P L−1). Amendment concentrations are slightly above the 
observed long-term maxima (Fig. S3). Water from each site/
treatment was distributed into 3–4 replicate borosilicate glass 
jars (~ 500 mL volume) that had a PreSens (www.​prese​ns.​
de) optical DO sensor installed. Jars were equilibrated in 
the dark for 12 h before the start of the experiment, after 
which they were exposed to 12 h of light at irradiance lev-
els (300–330 µM m2 s−1 photosynthetically active radiation 

(PAR)) to measure net ecosystem production (NEP) and 12 h 
in the dark to measure ecosystem respiration (ER; reported 
as a negative number) repeatedly over the course of 4 days. 
Gross primary production (GPP) was computed as the dif-
ference of NEP and ER. Details of the method are described 
in Loken et al. (2021). Differences between the control and 
nutrient-amended incubations were used to assess the poten-
tial for nutrient limitation.

Nitrogen Amendment Experiment

Our whole-ecosystem, reach-scale nutrient amendment exper-
iment was done in a portion of the DWSC with confirmed 
potential for N limitation of phytoplankton production (Figs. 1 
and 2). During the summer of 2019, we added nitrate (NO3) to 
the channel (centered at NL74) in July and August when DIN 
concentrations were near their annual minimum (Fig. S3). The 
goal of the experiment was to elevate NO3 concentrations for 
at least five consecutive days to characterize short timescale 
variations in ecosystem metabolism, phytoplankton and zoo-
plankton abundances, and other ecosystem properties. Because 
of tidal currents, NO3 applications needed to occur repeatedly 
(consecutive days) to counter the effects of dispersion (Lenoch 
et al. 2021a). We fertilized during neap tide, when tidal cur-
rents and dispersion are weaker, to maximize the persistence 
of NO3 within the fertilized area. We conducted two 4-day 
applications (Fig. 3, Table S1) on consecutive neap tides (i.e., 
14 days apart).

On each of the eight fertilization days, we applied 1361 kg 
(211 kg NO3-N) of commercially available granular calcium 
nitrate (YaraLiva Calcinit—Yara, Tampa, FL) to a 400-m seg-
ment (~ 60,000 m2) of the channel centered at the long-term 
NL74 sampling site (38.5064° N, 121.5847° W; Fig. 1). We 
applied the fertilizer using a crop-dusting airplane (Fig. S4) to 
achieve a fast (< 30 min) and homogeneous application, aimed 
at raising NO3 concentrations by 0.4 mg N L−1 (the approxi-
mate long-term maximum at NL74, Fig. S3) throughout the 
water column within the fertilized area. Immediately follow-
ing each application, we mapped surface concentrations using 
a boat-mounted flow-through system and collected water sam-
ples from multiple depths and locations (see the “Sampling 
Methods” section) to confirm that concentrations increased 
within the targeted area and the fertilizer fully dissolved in 
the upper portion of the water column.

We monitored numerous physical, chemical, and biologi-
cal metrics for 1 month before and after each fertilization for 
a total duration of 2 months (Fig. 3). Given the dispersion 
and timescales of mixing (Lenoch et al. 2021a), we collected 
discrete samples daily (Mon to Fri) for a week after each 
fertilization. We monitored the preceding and succeeding 
neap tides at the same frequency, using these two time peri-
ods as controls and to document short timescale variabil-
ity. Because neap tides occur every ~ 14 days, these 5-day 

http://www.presens.de
http://www.presens.de
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sampling campaigns occurred every other week. We also 
sampled less frequently (2 times per week) during spring 
tides to monitor longer timescale responses and to discern if 
the system returned to pre-fertilization conditions. In total, 
we sampled on 27 dates between July 8 and Aug 26, 2019. 
Discrete and continuous data are available at Lenoch et al. 
(2021b) and U. S. Geological Survey (2020).

Sampling Methods

We established seven evenly spaced sites (~ 1.2 km apart) 
between two long-term sampling sites NL70 and NL76 
(Fig. 1). The mean (± standard deviation) tidal excursion 
length at the central site was 2.17 km (± 0.66), and complete 
longitudinal mixing over this spatial scale typically occurred 
on the order of 8.4 h (Lenoch et al. 2021a). Thus, our sam-
pling sites were longitudinally mixed within our study area. 
For some analyses, we combined data from all sites to evalu-
ate temporal changes, treating the entire reach as a single 
manipulated segment.

On each date, we visited each site in the morning (09:00 
to 12:00 Pacific daylight time (PDT)) and collected a vari-
ety of sensor-based data and water samples to be processed 

in the laboratory. We characterized depth profiles at 1-m 
vertical intervals for temperature, SPC, DO, pH, turbidity, 
and Chl a fluorescence using a YSI EXO2 (Xylem, White 
Plains, NY). We characterized attenuation of PAR within 
the water column using a LiCor 1400 light meter (LI-1500 
Light Sensor, LI-COR Bioscience, Lincoln, NE) with meas-
urements made every 0.25 m through the 2-m photic zone. 
At each site, we collected discrete water samples for chemi-
cal and biological analyses. Water chemistry samples were 
processed at the University of California-Davis or shipped 
to commercial laboratories following established protocols 
(Forster 1995; Eaton et al. 1998; Doane and Horwáth 2003; 
Nelson et al. 2011). See supplementary material for detailed 
water sampling and laboratory procedures.

At the beginning and ending of each sample event, we 
mapped surface longitudinal conditions at a depth of 0.2 m 
throughout the entire experimental reach. We used a flow-
through sampling system that included a water pump, tub-
ing, and flow regulators to route surface water to a Sea-Bird 
SUNA V2 (Sea-Bird Scientific, Bellevue, WA) and YSI EXO2 
equipped with manufacturer supplied flow cells. Sensor data 
were captured every second (equivalent to ~ 14 m spatial resolu-
tion) on a Campbell data logger (Campbell Scientific, Logan, 

Fig. 2   Laboratory-based rates of gross primary production (GPP) 
among nutrient treatments. Each panel is a 3–4-day incubation. Water 
was collected at four sites (rows) on nine dates (columns). The sea-
ward site (NL34; bottom row) did not show signs of nitrogen (N) 
limitation as the control (brown) and nutrient-amended (green and 
purple) incubations had similar rates. Moving landward (up), the 

potential for N limitation increased shown as a divergence between 
the control and nutrient-amended treatments. Maximum N limitation 
potential occurred in the landward sites during the mid to late sum-
mer (Jul–Sept). Error bars show the standard deviation among repli-
cates
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UT) and georeferenced with a Garmin GPS (Garmin Inter-
national, Inc., Olathe, KS) to produce maps of surface water 
chemistry (Crawford et al. 2015; Downing et al. 2016). We 
mapped the channel by motorboating at ~ 50 km h−1 near the 
center of the channel. The morning transects (~ 08:00 PDT) 
began at the top of the DWSC (near the boat ramp and the 
locks) and proceeded seaward, ending at NL70 (13 km). The 
afternoon transects (~ 12:00 PDT) proceeded in the opposite 
direction. All transects lasted ~ 20 min. Point data were snapped 
to a line running through the middle of the channel, allow-
ing us to linear reference all observations, calculate dispersion 
(Lenoch et al. 2021a), and evaluate how spatial gradients (e.g., 
fertilizer plug) evolved through time. Sensor data from the flow-
through system were also linked with each discrete sample col-
lected at the seven sampling sites after allowing the system to 
stabilize for at least 2 min.

Instrument Moorings

A network of stationary, floating sensor arrays (Fig. 1) was 
deployed to continually monitor physical, chemical, and 
biological conditions. All sensors were attached to floating 
buoys, allowing them to maintain their vertical position rela-
tive to the water surface. We deployed two types of arrays, 
one in the littoral zone and one farther offshore. The lit-
toral array was located at station NL74, ~ 20 m offshore in 
1–4 m depth to prevent loss of equipment due to ship traffic 
and configured to sample every 15 min (USGS station ID 
383019121350701). Sampling was done using a YSI EXO2 
(measuring temperature, SPC, DO, pH, turbidity, fDOM, 
and algae fluorescence) and a Satlantic SUNA V2 nitrate 
sensor, both configured with wipers. A total of 5 offshore 
arrays were located ~ 30 m from shore, anchored in 6–8 m 
water at additional sites (data available in Lenoch et al. 
2021b). Each pelagic array included three optical DO log-
gers (PME minidot) positioned at depths of 1, 2.5, and 4 m, 
three temperature loggers (Onset Hobo U22s) positioned at 
depths of 1.5, 3, and 4.5 m, and three conductivity loggers 
(Onset Hobo U24s) positioned at depths of 0.5, 2, and 3.5 m 
(Loken et al. 2021). The pelagic arrays allowed monitoring 
of vertical dynamics of temperature, SPC, and DO, which 
were used to calculate stratification and metabolism (Lenoch 
et al. 2021a; Loken et al. 2021).

Some daily metrics were calculated from the continu-
ous sensor arrays. For turbidity and NO3, we calculated 
daily means (midnight to midnight). Because Chl a had a 
strong diel signal and occasionally had spuriously high val-
ues, the 75th percentile of daily Chl a was used to represent 
each day’s Chl a condition. From the vertical temperature 
arrays, we calculated Schmidt stability using the R package 
rLakeAnalyzer (Winslow et al. 2019). We then summarized 
Schmidt stability by calculating the daily mean as an indi-
cator of the daily strength of stratification. Daily metrics 

were only calculated for days and variables with at least 90% 
coverage after data quality control.

Phytoplankton Productivity

Daily Chl a concentration and integrated rates of GPP and 
NEP were used to evaluate short timescale changes in pro-
duction as it related to fertilization and other dynamics. In 
this analysis, we used the 75th percentile of daily Chl a at 
the central buoy (NL74) and metabolic rates calculated using 
an oxygen isotope approach that was originally described by 
Quay et al. (1995) and updated in Bogard et al. (2017). The 
isotope-based metabolism method used water samples col-
lected on 14 dates (~ twice weekly) from all seven sites and 
is thoroughly described in Loken et al. (2021). We chose the 
isotope method because it characterized the whole-ecosystem, 
reach-scale response, and it provided a more reliable estimate 
compared to the other approaches (Loken et al. 2021).

Drivers of daily GPP and Chl a were evaluated using mul-
tivariate regression models. For daily GPP, we used a mixed-
effects model using the lmer function in the lme4 R package 
(Bates et al. 2015) that included site as a random effect and 
three predictors as fixed effects (Schmidt stability, NO3, and 
turbidity). All fixed-effect predictors were scaled (subtract-
ing the mean from each value and dividing by the standard 
deviation), allowing direct comparison of the effect magni-
tude among predictors. For the GPP model, we first tested if 
a random intercept was justified by comparing Akaike infor-
mation criterion (AIC) values among models with and with-
out the random effect structure. We then built a global model 
that included all three fixed effects with interactions and 
included site as a random effect. To visualize the marginal 
effect of each predictor (e.g., turbidity) on GPP, we built a 
similar mixed-effects model but excluded that predictor. The 
model residuals were plotted against the excluded predictor 
to show its marginal relation with GPP after accounting for 
the other fixed and random effects. We performed a similar 
modeling exercise for daily Chl a, but these models only 
included fixed effects as these data were only collected at the 
central site (NL74). We used a general linear model in the R 
stats package using the same three predictors as fixed effects 
(Schmidt stability, NO3, and turbidity). Similarly, all pre-
dictors were scaled prior to modeling, all interaction terms 
were included in the model, and the marginal effects of each 
predictor were visualized by plotting against the residuals of 
the model lacking the specific predictor.

Timescales

We compared ambient DIN concentrations with metabolic 
N demand and NO3 dispersive flux to gain insight into the 
roles of biology and hydrodynamics in shaping N dynamics. 
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Accompanying each metabolism estimate, we estimated the 
amount of N necessary to meet metabolic demand. Rates 
of GPP and ER were converted to N units based on stoichi-
ometry and growth efficiency following methods outlined 
in Hall and Tank (2003). This approach requires param-
eterizing the heterotrophic growth efficiency (HGE) and 
the carbon:nitrogen molar ratio (C:N) of heterotrophs and 
autotrophs. Rather than using fixed model coefficients, N 
demand was calculated using two HGEs (0.05 and 0.2) and 
two C:N ratios (6 and 12). We used multiple coefficients 
to bound the estimates of N demand under a variety of 
plausible system-specific C:N (Cloern et al. 2002; Young 
et al. 2020) and under low and moderate growth efficiency. 
N demand using the four combinations of coefficients was 
calculated for each isotope-based metabolism estimate.

The dispersive flux of NO3 was calculated at the central 
site (NL74) using continuous NO3 concentrations (C) and dis-
charge (Q) based on a side-looking acoustic Doppler deployed 
at NL74. Instantaneous flux of NO3 (lacking high frequency 
measurements of NH4 we were unable to compute disper-
sive flux of DIN) was separated into advective and dispersive 
components using the following equation (Geyer et al. 2001):

where <  > indicates the tidally averaged value, and  ′ indi-
cates deviations of the instantaneous (15 min) measurement 
from the tidally averaged value. The flux decomposition 
allows the NO3 flux to be separated into components due to 
net flow (advective) and tidal dispersion (dispersive). Instan-
taneous dispersive flux estimates were converted to daily 
rates and averaged during the non-fertilization period (Aug 
15 to Sept 15) to approximate the amount of N transported 
landward during baseline conditions across a range of tidal 
conditions (one spring-neap cycle). This approach assumes 
concentrations are vertically homogenous and thus does not 
account for vertical gradients in longitudinal flux stemming 
from benthic N efflux, stratification, and uptake in the photic 
zone. We scaled dispersive flux estimates by dividing the 
average load during the non-fertilized period by the volume 
of the average excursion length (2.17 km) over the study 
reach, which, given the assumptions involved, provides only 
a first-order approximation (see supplementary material for 
more detail). Demand was based on modeled metabolic rates 
and several coefficients that were not calibrated, likewise 
providing only a first-order approximation of fluxes. We use 
these rate estimates along with ambient concentrations to 
gain insight into the relative magnitudes of the N pool, use, 
and delivery.

Algae doubling rates were also used to evaluate phyto-
plankton growth dynamics. We calculated the average Chl 

Total f lux = advective f lux + dispersive f lux

< Q ⋅ C >=< Q > × < C > + < Q�
> × < C�

>

a production rate by converting the average volumetric rate 
of GPP to Chl a units using a photosynthetic quotient of 1, 
the average carbon to Chl a ratio (41:1) from Jakobsen and 
Markager (2016), and assuming half of GPP goes toward 
biomass. We then scaled the Chl a production rate by the 
average Chl a plus pheophytin concentration measured in 
the lab to estimate the algal doubling rate. We performed 
a similar calculation but scaled the volumetric rate to the 
photic zone to simulate phytoplankton growth in a stratified 
water column. Together with the N rate estimates, the time-
scales of phytoplankton growth provide insight into coupled 
physical-biogeochemical dynamics (Lucas and Deleersnijder 
2020).

Results

Evidence Suggesting Nutrient Limitation

Long-term monitoring and laboratory incubations identified 
spatial and temporal variability in the potential for N to limit 
production (Figs. 2 and S3). In the DWSC, NO3 comprised on 
average 72% of the DIN; thus, patterns of NO3 provide a rea-
sonable view of DIN across the study. However, NH4 makes 
up a larger proportion of DIN when and where NO3 con-
centrations are lowest. DIN (and NO3) concentrations were 
lowest in the upper DWSC, decreasing through the spring 
(Mar–May) and remaining low through Sept. Collectively, the 
long-term DIN patterns support the potential for N limitation 
to be strongest in the upper DWSC during the late summer.

Laboratory incubations confirmed similar spatial and 
temporal patterns in N limitation potential. During the late 
fall through early spring (Oct–Mar), there were minimal 
differences in GPP between the control and the nutrient-
amended incubations (Fig. 2), suggesting neither N nor P 
increased primary production during these periods. In con-
trast, GPP in the + N and + NP incubations diverged from the 
control group in Apr and the summer months (July–Sep), 
and this divergence varied spatially (Fig. 2). The farthest 
landward site (NL74) tended to have larger differences 
between the control and nutrient-amended groups, which 
started earlier in the year and earlier in the incubation. At 
this site, GPP in the control treatment was near zero on days 
2–4 of the incubation during the summer, while GPP in the 
nutrient-amended treatments increased progressively each 
day upwards of 0.9 mg O2 L h−1.

Response to Experimental Addition of Nitrogen

In total, we applied 10,886 kg of calcium nitrate (1687 kg 
of NO3-N) to the DWSC using a crop-dusting airplane. Fol-
lowing each of eight applications of 211 kg of NO3-N, NO3 
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concentrations increased in the application area (Fig. 3). The 
fertilizer typically dissolved within the upper 3 m of the water 
column and subsequently mixed with the deeper water col-
umn. NO3 concentrations at the central site (~ 1 m depth) 
increased between 0.1 and 1.2 mg N L−1 on fertilization days. 
Some applications caused immediate and sharp increases in 
NO3 as the fertilizer plug remained intact while it advected 
past the stationary sensor. Following other applications, the 
fertilizer plug dispersed quickly (Fig. 3). In the morning fol-
lowing each fertilization, concentrations through the entire 
reach did not exceed 0.16 mg N L−1, and concentrations 
returned to background levels within 3–5 days of application.

Spatial patterns of NO3 following fertilizations were con-
sistent with dispersion and mixing timescale estimates, which 
varied spatiotemporally with tidal currents and wind (Lenoch 
et al. 2021a). For example, immediately following the final 
application of the first fertilization week (July 25), NO3 
exceeded 1.2 mg N L−1 in a small geographic area (~ 500 m 
in length; Fig. 4). On the following morning, NO3 concen-
trations throughout the entire reach were below 0.15 mg N 

L−1, and the fertilized plug had grown to ~ 4 km in length 
(Fig. 4). Four days after fertilization, the maximum concentra-
tion decreased to 0.06 mg N L−1, and the fertilized plug had 
expanded in length beyond the sampling extent (Fig. 4). Seven 
days following fertilization, the fertilized plug was no longer 
detectable and the spatial pattern of NO3 returned to its typical 
longitudinal gradient (Fig. S1). Based on dispersion estimates, 
the timescale for complete longitudinal mixing (within a 2.1-
km tidal excursion) would be ~ 8 h, and we would therefore 
estimate ~ 20 h after fertilization that the extent of the NO3 
would be about ~ 5 km in length. Moreover, we would expect 
NO3 to be dispersed along an extent of ~ 40 km in 7 days, and 
therefore concentrations of NO3 to be an order of magnitude 
lower than the concentration after 1 day.

Variation in Factors Regulating Light Availability 
to Phytoplankton

Turbidity at the central site (NL74) varied between 4.3 and 
61.8 FNU over the 2-month record. Higher turbidities occurred 

Fig. 3   Time series of potential drivers of production (left; nitrate 
(NO3), turbidity, and Schmidt stability (i.e., stratification strength)) 
and production response variables (right; chlorophyll a (Chl a), gross 
primary production (GPP) and net ecosystem production (NEP)). Ver-

tical dashed green lines note when calcium nitrate was applied. Miss-
ing data for Chl a and turbidity resulted from sensor failure. GPP and 
NEP show the daily distribution among sites for days with isotope-
based metabolism estimates (see Loken et al. 2021)
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at slack after floodtides (high tides) through advection of the 
longitudinal gradient in turbidity (Figs. 3 and S5). Overlaid on 
this sub-daily tidal signal, there were several dramatic spikes 
in turbidity, increasing upwards of 10 times background lev-
els and remaining elevated for up to 3 days. These turbidity 
spikes aligned with the passage of large cargo ships through 
the DWSC. Overall, we witnessed 21 ship passes (captured on 
a time lapse camera between July 15 and Sept 14). In general, 
regular ship traffic caused pronounced increases in turbidity, 
which reduced water clarity for a couple of days.

Water temperature and stratification also varied tempo-
rally. Overall, surface temperature at the central site (NL74) 
ranged between 23.7 and 28.1 °C, and daily ranges varied 
between 0.6 and 3.5 °C. On most days (64 out of 78), the 
water column stratified (Lenoch et al. 2021a) as noted by 
increases in Schmidt stability (> 5 J m−2; Fig. 3). Schmidt 
stability ranged between 0.1 and 47.9 J m−2 and generally 
returned to near zero on most days, indicating the break-
down of stratification each evening. There were 5 days total 
(e.g., July 27–28 and Aug 13–16) when Schmidt stability 
exceeded 40 J m−2 during the day and remained elevated 
(> 10 J m−2) overnight, indicating strong daytime stratifica-
tion that persisted overnight. On 18% of days (14 of 78), 
stratification did not develop, which generally occurred on 
windy days (Lenoch et al. 2021a).

Phytoplankton Response: Chlorophyll a and Gross 
Primary Production

Despite successfully raising NO3 concentrations in our 
study reach for five continuous days, Chl a concentration, 

GPP, and phytoplankton biovolume did not increase dra-
matically (Figs. 3 and S6). Over the 2-month study, the Chl 
a concentration time series at the surface ranged between 
1.1 and 15.5 μg L−1 and remained in a similar range of 
variability during both fertilization and non-fertilization 
periods. Consistent diel signals were detected with maxi-
mum values typically occurring in the afternoon, especially 
on days with pronounced stratification. On average, Chl a 
increased 5.7 μg L−1 from the overnight low to the after-
noon peak, and the daily increase in Chl a ranged between 
1.3 and 14.7 μg L−1.

Daily Chl a concentration had univariate relations with 
NO3, turbidity, and stratification strength (Fig. 5). Daily 
Chl a concentration was positively correlated with NO3 
(p = 0.004, R2 = 0.17) and negatively correlated with tur-
bidity (p = 0.07, R2 = 0.06). However, stratification strength 
also correlated with Chl a and explained a greater propor-
tion of the variability (p < 0.001, R2 = 0.51). The multivariate 
model indicated that stratification strength and NO3 were 
positively related to Chl a (Fig. 5; Table 1; p-values < 0.001). 
The marginal effect of turbidity on Chl a was not significant 
(p = 0.48; Table 1). Furthermore, there was a significant pos-
itive interaction (p = 0.002) between stratification strength 
and NO3. Aligning with this positive interaction term, Chl 
a concentration near the surface was highest on strongly 
stratified, fertilized days (Figs. 3 and S7).

Similar to Chl a, GPP did not respond dramatically to 
fertilization. GPP ranged between 2.6 and 8.2 g O2 m−2 d−1, 
with a grand mean of 4.3 g O2 m−2 d−1. ER and NEP also 
did not vary in response to fertilization (Loken et al. 2021). 
Stratification and light appear to have the biggest effect on 

Fig. 4   Spatial pattern of nitrate (NO3) prior to and following fertiliza-
tion. On July 23, 2019 (left two panels), calcium nitrate was applied 
to a 400-m segment. The fertilized plug gradually expanded and 
decreased in concentration. In this example, the elevated NO3 levels 

completely eroded sometime between 4 and 7 days after fertilization. 
The first two panels share a color ramp, while the color ramp in the 
other three is based on daily minimum and maximum nitrate concen-
trations
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GPP (Fig. 6; Table 2). Daily rates of GPP were positively 
correlated with Schmidt stability (p < 0.001, R2 = 0.13) and 
negatively correlated with turbidity (p < 0.001, R2 = 0.28). 
GPP had a weaker univariate relationships with NO3 
(p = 0.10, R2 = 0.02). The mixed-effects model indicated 

that stratification strength had the strongest positive effect 
on GPP (p < 0.001, Fig. 6, Table 2). Nitrate also had a weak 
but positive effect on GPP (p = 0.07), whereas turbidity had 
a negative effect (p = 0.04). There were significant interac-
tions between stratification strength and turbidity together 

Fig. 5   Drivers (x-axis) of daily chlorophyll a (Chl a) concentrations 
at the central site (NL74). The top row is the univariate relation 
between each driver and the daily 75th percentile Chl a concentra-
tion. The lower row is the marginal effect of each predictor variable, 

where the y-axis is the residual from the fixed-effects model that did 
not include that predictor. X-axes are the daily mean Schmidt stabil-
ity, turbidity, and nitrate (NO3). Only days with at least 90% temporal 
coverage are included. Best fit linear regression plotted in each panel

Table 1   Results of linear 
fixed-effects regression for 
chlorophyll a at site NL74. 
Fixed effects were scaled prior 
to modeling, so the estimates 
can be compared

Estimate Confidence interval p-value

Fixed effects
(Intercept) 3.82 3.50–4.14  < 0.001
Schmidt stability 1.38 0.99–1.77  < 0.001
Nitrate 1.11 0.63–1.59  < 0.001
Turbidity 0.12  − 0.21–0.46 0.476
Nitrate * Schmidt stability 0.96 0.37–1.56 0.002
Nitrate * turbidity 0.24  − 0.21–0.70 0.290
Schmidt * turbidity 0.13  − 0.29–0.56 0.537
Nitrate* Schmidt stability * turbidity 0.70 0.11–1.29 0.020
Global model summary
Number of observations (days) 40
Conditional R2 0.79
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and between all three predictors. The mixed-effect model’s 
conditional R2 (0.58) was more than double the marginal 
R2 (0.24), indicating that the random effects (i.e., site) 
explained more of the total variation in GPP than the fixed 
effects. Thus, one or more factors varying spatially play an 
important role in shaping GPP within this reach.

Scaling the average volumetric rate of GPP (0.53 mg O2 L−1 
d−1) to Chl a units, the estimated average Chl a production rate 
was 2.42 µg Chl a L−1 d−1. This calculation does not consider 
loss pathways, but it does match the typical daytime increase 
in Chl a during non-stratified days (Fig. 3). Scaling this pro-
duction rate to the average Chl a plus pheophytin concentra-
tion (6.6 µg L−1) suggests an algal doubling rate of 2.7 days. 
Chl a production could also be scaled only to the photic zone 
(2.7 m), which would imply a growth rate of 7.13 µg Chl a L−1 
d−1 and a doubling rate of 0.9 day. The growth rate is faster if 
the water column is stratified, and the magnitude aligns with 
the Chl a time series during strong stratification (Fig. 3).

Spatial Patterns

Multiple physical, chemical, and biological properties of 
the DWSC were organized longitudinally (Figs. 7 and S1). 
As expected (Feyrer et al. 2017), turbidity was highest at 
the most seaward site (NL70) and gradually declined mov-
ing landward. Consequently, light attenuation coefficients 
decreased and Secchi depth increased moving landward, 
reflecting greater water clarity in the upper channel. DIN, 
NO3, and NH4 also declined moving farther landward. After 
excluding days with or following fertilization, mean concen-
trations of DIN at the lowest and uppermost station were 
0.05 and 0.02 mg N L−1, respectively. Concentrations of 
NO3 and NH4 were of similar magnitudes; the farthest sea-
ward station had average concentrations of 0.02 mg NO3-N 
L−1 and 0.03 mg NH4-N L−1, whereas the farthest landward 
station had average concentrations of 0.01 mg NO3-N L−1 
and < 0.01 mg NH4-N L−1.

Fig. 6   Drivers (x-axis) of daily gross primary production (GPP). The 
top row is the univariate relation between each driver and GPP. The 
lower row is the marginal effect of each predictor variable, where 
the y-axis is the residual from the mixed-effects model that did not 

include that predictor. X-axes are the daily mean Schmidt stabil-
ity and discrete measurements of turbidity, and nitrate (NO3). Points 
colored by site. Best fit linear regression plotted in each panel
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Aligning with the spatial pattern in water clarity, inte-
grated water column rates of GPP, ER, and metabolic N 
demand were also greater in the landward sites (Fig. 7). 
Mean GPP and ER were 5.16 and −5.91 g O2 m−2 d−1, 
respectively, at the farthest landward site (NL76), while 
rates were 3.30 and −4.56 g O2 m−2 d−1 at the farthest sea-
ward site (NL70). The mean metabolic N demand among 
days and model parameters at NL70 was 0.019 mg N L−1 
d−1 and at NL76 was 0.027 mg N L−1 d−1. Among model 
parameters and metabolism calculations, the metabolic N 
demand ranged between 0.008 and 0.030 mg N L−1 d−1, 
which does not account for dissimilatory processes. In con-
trast to metabolism and N demand, Chl a concentrations did 
not vary among the seven experimental sites (Fig. 7). How-
ever, Chl a differed spatially at a broader scale (Fig. S1). 
Maximum Chl a during June through September typically 
occurs within the experimental reach (i.e., between NL70 
and NL76).

Between Aug 15 and Sept 10, 2019, a first-order approxi-
mation of the average dispersive NO3 flux was −31.4 mg 
NO3-N s−1. The flux was negative (landward direction), con-
sistent with the expectation that tidal dispersion would mix 
out the NO3 spatial gradient. Dividing the dispersive flux (i.e., 

the load) by the volume of a tidal excursion length (~ 2.0 × 109 
L) would imply an increase of 0.001 mg NO3-N L−1 d−1, to 
the reach 2.17 km landward of NL74. This approximation is 
based on an oversimplistic view of hydrodynamics and does 
not account for vertical variation in NO3 concentration nor 
does it include the subsequent landward transport from this 
reach (see supplementary material). However, these rates 
approximate the dispersive supply of N that is available to fuel 
metabolism and other N transformations. Comparatively, the 
estimated dispersive flux rate is an order of magnitude smaller 
than the daily N demand and DIN concentration (Fig. 7). Col-
lectively the observed DIN concentrations and the estimated 
rates of metabolic N demand and dispersive flux suggest that 
the whole system should gradually decrease in N over time, 
consistent with seasonal observations (Fig. S3).

Discussion

Rates of primary production in estuaries can vary as much 
in time as they can in space, both within and across systems 
(Cloern et al. 2014), underscoring the need to understand 
the mechanisms driving such variations. In a large terminal 

Table 2   Results of linear 
mixed-effects regression for 
gross primary production. 
Sites were included as random 
effects. Fixed effects were 
scaled prior to modeling, so the 
estimates can be compared

Estimate Confidence interval p-value

Fixed effects
  (Intercept) 4.28 3.81–4.76  < 0.001
  Schmidt stability 0.44 0.25–0.62  < 0.001
  Turbidity  − 0.20  − 0.39 to − 0.01 0.038
  Nitrate 0.16  − 0.02 to 0.33 0.074
  Turbidity * Schmidt stability  − 0.36  − 0.58 to − 0.13 0.002
  Nitrate * Schmidt stability 0.02  − 0.15 to 0.20 0.779
  Nitrate * turbidity  − 0.12  − 0.34 to 0.10 0.273
  Nitrate * Schmidt stability * turbidity  − 0.26  − 0.48 to − 0.05 0.018
Random effects (sites)
  Residual variance 0.45
  Random effects variance 0.36
  Interclass correlation coefficient 0.45
  Number of sites 7
Site-specific intercepts (i.e., random effects)
  NL70  − 0.80
  Site2  − 0.50
  Site3  − 0.10
  NL74  − 0.27
  Site5 0.59
  Site6 0.31
  NL76 0.76
Global model summary
  Number of observations (site days) 112
  Marginal R2 0.24
  Conditional R2 0.58
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slough, interactions among hydrodynamics, light, and nutri-
ents collectively regulate phytoplankton and metabolism 
dynamics. Production did not respond strongly nor consist-
ently to NO3 fertilization, suggesting that N was likely not 
its sole driver. Although our whole-ecosystem experimen-
tal N additions aimed to elevate and maintain NO3 within a 
confined volume, tidal dispersion eroded the spatial gradi-
ent in NO3 in a matter of hours, with concentrations return-
ing to background within a few days, thereby preventing a 
prolonged ecosystem response. Tidal dispersive mixing also 
served to continually transport NO3 landward from the tur-
bidity maximum zone located seaward of our experimental 

reach (Fig. 7). Temporal and spatial patterns of Chl a and 
GPP were most strongly related to stratification, highlighting 
the role hydrodynamics play in regulating production in this 
system. However, Chl a was also positively related to NO3, 
which had a positive interaction with stratification strength, 
suggesting stratification may trigger N limitation. While con-
tinual NO3 dispersive mixing and ambient DIN concentrations 
may have been sufficient to sustain metabolic demand of the 
existing phytoplankton biomass during the experiment, nutri-
ent enrichment incubations suggest phytoplankton isolated 
within the photic zone during periods of prolonged stratifica-
tion likely became N limited over the course of the day.

Fig. 7   Spatial patterns of turbid-
ity, gross primary production 
(GPP), chlorophyll a (Chl a), 
ecosystem respiration (ER), dis-
solved inorganic nitrogen (DIN) 
concentrations, and metabolic 
nitrogen (N) demand. The two 
N panels (bottom row) share 
a comparable logged y-axis, 
allowing direct comparison of 
standing stock, daily demand, 
and daily dispersive flux. 
Landward dispersive nitrate 
(NO3) flux plotted as a dotted 
line. Each box is the distribution 
through time at each experimen-
tal site arranged from seaward 
(NL70) to landward (NL76). 
The upper and lower edges are 
the 25th and 75th percentiles, 
whiskers are drawn up to 1.5 
times the interquartile range, 
and points are plotted if beyond 
the whiskers. Declining turbid-
ity allows increases in GPP and 
ER and elevated N demand 
despite similar Chl a concentra-
tions. DIN concentrations are 
near the metabolic N demand at 
the landward stations
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Extrapolating our results to the entire DWSC, productiv-
ity appears to transition from a light-limited to a nutrient-
limited state moving farther landward in the channel, with 
the potential for maximum phytoplankton productivity to 
occur near the transition between these conditions. The 
emergence and specific location of this transition as well as 
its magnitude will vary in accordance with hydrodynamics, 
seasonality, and short-term disturbances, such as ship traffic 
and heat waves. In this context, dispersion serves to redis-
tribute nutrients to areas where production may be limited 
and phytoplankton to areas where it can subsidize the food 
web (Cloern 2007). All told, our experiment highlights the 
complexities in strong tidally forced systems, their inherent 
temporal and spatial variability, and the need to account for 
hydrodynamics, habitat heterogeneity, and connectivity to 
evaluate biogeochemical processes with complex source-
sink dynamics. Our results emphasize the need for coupled 
hydrodynamic-biogeochemical-phytoplankton growth mod-
els for effectively understanding such dynamics.

Ecosystem Response to Experimental Nitrogen 
Addition

Dispersion and stratification mediated the effect of NO3 
additions on productivity. Together the NO3 time series at a 
fixed location and the spatial patterns of NO3 through time 
illustrate the temporal and spatial scales of the experimental 
manipulation. The entire 7-km reach typically mixes on the 
order of 1–2 days (Lenoch et al. 2021a), and all sampling 
locations showed significant tidal timescale variability in 
the variables measured in this reach. Because NO3 concen-
trations returned to background within 3–5 days, the two 
fertilization weeks appear to have been spaced sufficiently 
far apart to allow the system to return to background prior 
to the second round of fertilizer application (Fig. 3a). We 
cannot account for carry over effects that may have persisted 
as communities of bacteria, phytoplankton, and zooplank-
ton responded to manipulation, but plankton abundances did 
not change discernibly in response to fertilization (Fig. S6). 
Given the fast dispersal and limited effects, we proceed cau-
tiously under the assumption that the two fertilization weeks 
were independent.

Productivity did not respond consistently following NO3 
additions, primarily due to tidally driven dispersive mixing, 
stratification, and light limitation. Daily Chl a at the center 
of the fertilizer addition had the strongest correlation with 
stratification strength (Table 1). While surface water tem-
perature also co-varied with Chl a, we suspect the increase 
in productivity to be primarily driven by vertical isolation. 
The greater increase in Chl a on warmer, stratified days and 
the corresponding increase in phytoplankton growth rate 
were much larger than would be expected from the relation-
ship between phytoplankton growth rate and temperature 

alone (Boyd et al. 2013; Kremer et al. 2017). Furthermore, 
the absolute range in water temperatures was 23.7–27.8 °C, 
which is near the temperature optima for many phytoplank-
ton species at this latitude (Boyd et al. 2013). Thus, we 
suspect the elevated Chl a with warmer waters to be the 
result of stratification, allowing phytoplankton to congre-
gate and (or) proliferate in the photic zone and signaling 
the importance of vertical mixing on controlling temporal 
phytoplankton dynamics. While stratification in estuaries is 
often regulated by tidal currents, wind can be an important 
factor controlling vertical mixing dynamics in the upper 
DWSC (Lenoch et al. 2021a) and other open estuarine areas 
(Yin et al. 1997; Lucas et al. 2006; Jones et al. 2008). In 
the upper DWSC during the summer months, wind-driven 
shear was needed to overcome temperature-driven buoyancy 
(Lenoch et al. 2021a), which is evident during periods of 
persistent stratification through complete tide cycles, which 
suggests that mixing by tidal currents alone cannot overcome 
the buoyancy (Fig. 3).

Spatial and temporal patterns of GPP were related to tur-
bidity and stratification strength, both of which are tightly 
linked to hydrodynamics. Based on the mixed-effects model, 
stratification was the strongest driver of GPP (Table 2). 
Because the model included site as a random effect, the fixed 
effects primarily explain temporal variation. The strongest 
univariate driver of daily GPP was turbidity (Fig. 6), which 
varied spatially (Fig. 7), and thus was accounted for as a 
random effect in the model (Table 2). The spatial pattern 
in turbidity is controlled by water velocity in two ways: 
(1) the landward transport of suspended sediment into the 
study reach (2) local erosion and deposition during the tidal 
current maxima and slack water, respectively. Spatial and 
temporal patterns of turbidity and stratification can vary 
immensely at a range of temporal and spatial scales, which 
likely contribute to variations in primary production within 
estuaries.

Coupling hydrodynamics with light attenuation and spa-
tial variability provides a more realistic view of drivers of 
productivity. Because of the relatively high turbidity, most of 
the water column is in the aphotic zone. According to critical 
depth theory, algal blooms can develop when the depth of 
the surface mixed layer is shallower than the critical depth, 
as production rates exceed consumption processes (Sverdrup 
1953; Platt et al. 1991). Stratification events temporarily iso-
late the upper mixed layer, allowing phytoplankton to prolif-
erate while isolated in the photic zone and away from benthic 
grazers (e.g., clams). During days without stratification, Chl 
a in the photic zone did not increase more than 2 µg L−1 
(Fig. 3), suggesting that the critical depth may be shallower 
than the 7.5 m mean depth of the DWSC. The regularity of 
complete vertical mixing may prevent sustained algal blooms 
as has been found in another part of the delta that temporarily 
stratifies (Lucas et al. 1998). Together, the two key drivers of 
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production—turbidity and stratification strength—mediate 
phytoplankton access to light.

In the greater Bay-Delta ecosystem, others have estimated 
the critical depth to be approximately 5 times the photic 
depth, implying that blooms can develop when 20% of the 
upper mixed layer is illuminated (Cloern 1987; Kimmerer 
2004). Although this theory has been criticized because of 
its oversimplification (Behrenfeld 2010), it provides context 
for phytoplankton dynamics in the DWSC. The average light 
attenuation coefficient at NL74 during our study was 1.8 m−1 
(Loken et al. 2021), implying an approximate 1% photic 
depth of 2.7 m and critical depth of 13.5 m (based on Cloern 
1987). The actual critical depth is unknown, but according to 
this model (Cloern 1987), algal blooms are likely at NL74, 
which may explain why Chl a increased to some extent each 
day (Fig. 3). However, prolonged algal blooms and elevated 
Chl a only occurred during stratified periods, signaling that 
the true critical depth may be shallower. The relative rates 
of consumptive processes within the DWSC may be larger 
than the systems in which the model was developed. Else-
where in the delta, phytoplankton growth rarely exceeds the 
combined grazing pressure by zooplankton and bivalves 
(Kimmerer and Thompson 2014). Although clam densities 
in the DWSC are relatively low compared to other parts of 
the delta (Shrader et al. 2020; Zierdt Smith et al. 2021), 
clam grazing may nevertheless exert a substantial loss rate 
on phytoplankton when the water column is vertically mixed 
and contribute to the positive effect of stratification on Chl 
a and GPP. The actual critical depth will vary in accordance 
with site-specific community dynamics, but the temporary 
proliferation during stratification aligns with the theory.

Alternatively, the dispersive flux may prevent algae bloom 
formation. The water in the experimental reach represents a 
dynamic integration between landward and seaward ecosys-
tems, and typically has the highest Chl a of the entire DWSC 
during mid to late summer (Fig. S1). Moving seaward, light 
decreases, and moving landward, nutrients decrease, which 
may limit productivity in these connected ecosystems (see 
the “Connectivity, Hydrodynamics, and Timescales” sec-
tion). Similar to the applied fertilizer (Fig. 4), phytoplankton 
will disperse away from local maxima, replaced by lower 
concentrations from neighboring locations. The seaward eco-
system has an even shallower critical depth than our study 
site due to higher turbidity and is less likely to stratify due to 
faster velocities, suggesting rates of primary production will 
be lower. Moving landward, DIN concentrations decrease 
(Figs. S1 and S3) to a level below our estimate of metabolic 
N demand (Fig. 7), suggesting N limitation. Thus, continuous 
dispersive mixing of water along the length of the DWSC 
blends the pelagic communities and metabolic signals, which 
ultimately may prevent algal bloom formation. The time-
scales of dispersive mixing and the integration of processes 

along the DWSC mediate local phytoplankton dynamics and 
ultimately the ecosystem response to fertilization.

Connectivity, Hydrodynamics, and Timescales

Hydrodynamics create longitudinal spatial gradients in water 
clarity and nutrients in the DWSC, which collectively are 
proposed as key regulators of production in the greater delta 
ecosystem (Jassby et al. 2002; Cloern et al. 2014) and in other 
estuaries (Caffrey 2004; Barbosa et al. 2010; Domingues et al. 
2011). The DWSC is a flood-dominant channel defined as hav-
ing faster velocity floodtides compared to ebb tides (Morgan-
King and Schoellhamer 2013; Lenoch et al. 2021a). Floodtide 
increases in bed shear stress cause net-import of sediments and 
other suspended material into the DWSC, contributing to the 
persistence of a turbidity maximum zone (Figs. S1 and S2), 
as found in this and other estuaries (Friedrichs and Aubrey 
1988; Morgan-King and Schoellhamer 2013; Feyrer et al. 
2017). Seaward of the turbidity maximum, water is a mixture 
of the greater delta waterway and is less likely to stratify due to 
faster currents. Landward of the turbidity maximum, dampen-
ing flow velocities and shortening tidal excursion lengths allow 
imported sediment to gradually settle as it moves farther into 
the dead-end channel. Predictable changes in light extinction 
and stratification overlay the longitudinal pattern in turbidity 
and flow velocity, leading to increased water clarity (Fig. S1) 
and more frequent stratification in the landward portion of the 
DWSC (Lenoch et al. 2021a) and other terminal sloughs.

Combining gradients in flow velocity, water age, and water 
clarity with biogeochemical processes leads to spatial hetero-
geneity in other reactive solutes (Fig. S1). As water disperses 
landward through the DWSC and other terminal sloughs, it 
gradually ages, increasing the timescales for biogeochemical 
processes (e.g., autotrophic uptake, denitrification) to trans-
form NO3 and other reactive solutes (Downing et al. 2016). 
Water age has been linked to DIN loss in the DWSC (Downing 
et al. 2016) and flow velocity to rates of N uptake in other parts 
of the delta (Wilkerson et al. 2015). More broadly, N tends to 
be the primary nutrient limiting pelagic primary production 
in estuaries (Howarth and Marino 2006; Elser et al. 2007). 
The consistent pattern of lowest DIN in the landward DWSC 
may be further magnified by longitudinal changes in water 
clarity, which promote higher rates of GPP and metabolic 
N demand (Fig. 7). Soluble reactive phosphorus (SRP) has 
an opposing spatial trend, as it generally increases landward 
along the DWSC longitudinal axis (Fig. S1). Concentrations 
of SRP rarely fall below 0.04 mg P L−1 (Fig. S3), and DIN 
to SRP molar ratios rarely exceed 10 in the summer months, 
suggesting that N is generally in higher demand than P. As 
water and N are continually dispersed landward through the 
DWSC, some fraction of the original N load is lost (e.g., deni-
trification), while the typical permanent loss pathways for P 
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(i.e., burial) may be limited due to tide- and ship-driven resus-
pension. Together these findings support the hypothesis that 
primary production in the DWSC and other terminal sloughs 
can be limited by N, and N limitation is strongest at the land-
ward extents of the channels where water exchange is lower 
and uptake rates higher (Mallin et al. 1999; Wilkerson et al. 
2015; Fig. S6).

Rates of nutrient delivery must be considered in tandem 
with rates of nutrient uptake (Cloern 2007) and phytoplank-
ton biomass in order to evaluate nutrient limitation. Interest-
ingly, moving landward into terminal sloughs, the compres-
sion of tidal excursion causes dispersive mixing to decrease 
following spatial gradients in dissolved solutes. Within estu-
aries and other hydrodynamically complex water bodies, the 
exchange among neighboring habitats may be sufficient to 
meet stoichiometric demands of primary producers, making 
the hydrodynamics more influential in controlling the rates 
of ecosystem-scale biogeochemical processes (Cloern 2007; 
Crosswell et al. 2017). Similar dynamics are likely occurring 
for other solutes and ecological processes in the landward 
extents of other dead-end systems, controlled by the specific 
length scales of the system (Stumpner et al. 2020b) and the 
relative rates of dispersion and transformation.

Our experiment illustrated the extent to which production 
at short timescales responds to interactions among dispersive 
mixing, stratification, nutrients, and water clarity. Our exper-
iment occurred in a region where light appears to be the 
primary limiting factor. However, N limitation is spatially 
and temporally common in many types of estuaries (Boynton 
et al. 1982; Mallin et al. 1999; Caffrey 2004; Yoshiyama and 
Sharp 2006), and had the experiment occurred farther land-
ward or in a more isolated part of the delta, there may have 
been more of an immediate stimulatory effect as the amount 
of available N may have been insufficient to meet metabolic 
demand. The exact location of these transitions is unknown 
and likely varies at multiple temporal scales as hydrodynam-
ics, light, temperature, and nutrient concentrations vary.

Persistent stratification may also result in localized nutri-
ent limitation within the water column. Among days with 
strong stratification, we observed greater concentrations of 
Chl a in the photic zone during fertilized periods (Fig. S7). 
N may become limiting over the course of the day in the 
DWSC photic zone if it were completely isolated. Based 
on monthly laboratory incubations (Fig. 2), unconstrained 
metabolic N demand increases from 0.12 to 0.38 mg N 
L−1 d−1 over the course of four consecutive days as phy-
toplankton biomass accumulated (Table S2). Comparing 
these daily N needs to the ambient DIN concentration at 
our experimental reach (~ 0.03 mg N L−1) suggests a com-
pletely isolated photic zone may become N depleted at the 
hourly to sub-daily timescale during a strong stratification 
event, supporting the notion that intermediate connectivity 
may maximize productivity (Cloern 2007). Some degree of 

vertical connectivity may allow benthic-derived N to mix 
vertically and support primary production at the surface. 
These complex vertical dynamics coupled to connectivity 
and resource limitation at short temporal and spatial scales 
are difficult to discern and may contribute to high spatial and 
temporal variability in productivity of estuaries.

Conceptually, production along the longitudinal axis of 
terminal sloughs like the DWSC is controlled by several 
hydrodynamic and biogeochemical processes (Fig. 8). N 
transport from the seaward delta progressively dampens in 
space and through time as N is consumed and the landward 
dispersive flux decreases. Production, respiration, and dis-
similatory processes can use N, and collectively these pro-
cesses provide the means to produce the NO3 spatiotemporal 
pattern (Figs. S3 and S8). While N delivery declines mov-
ing farther landward in the channel, water clarity increases. 
These conditions provide a means for GPP to increase ini-
tially moving landward of the turbidity maximum zone. If 
light were the sole driver, GPP would increase along the 
entirety of the channel to its landward terminus. However, 
long-term data suggest that summertime peak Chl a occurs 
near our study reach (Fig. S1). This subtle difference sug-
gests that eventually GPP declines, but not because of 
reduced light availability. If true, this suggests that maxi-
mum daily GPP during July and August typically occurs 
somewhere landward of our experimental reach, but below 
the channel terminus. Similar non-monotonic relations are 
evident in river-dominated estuaries where the interplay 
between nutrient and limit limitation can lead to maximum 
Chl a at intermediate flushing rates (Qin and Shen 2021). We 
suspect that N limitation initiates in the uppermost DWSC 
sometime during the spring or early summer and gradually 
expands seaward. The exact location of the transition from 
nutrient to light limitation is unknown and likely blurred by 
dispersive mixing as discussed previously, varies through 
time, and may change dramatically at short timescales.

Benthic fluxes and vertical variation in dispersion are 
missing from our conceptual framework of N dynamics in 
the DWSC. In other parts of greater delta and San Francisco 
Bay ecosystem, benthic NO3 fluxes vary in direction and 
magnitude. Landward sites tend to have NO3 fluxes into the 
sediments on the order of 0–1 mg N m−2 h−1 (Cornwell et al. 
2014). Meanwhile, the flux of NH4 is typically out of the 
sediments, ranging up to ~ 1.7 mg N m−2 h−1 (Cornwell et al. 
2014), which is a similar range as determined from a compiled 
dataset of 48 estuary and coastal sites (Boynton and Kemp 
2008). While benthic N fluxes in the DWSC are unknown, 
applying the average DIN sediment efflux (15 mg N m2 d−1) 
calculated by Cornwell et al. (2014) to the 7.5 m water column 
of the DWSC would result in a loading rate of 0.002 mg N L−1 
d−1, which is ~ 10% of the metabolic demand and twice the 
dispersive flux. The diffusive flux out of the sediments would 
elevate DIN concentrations in the deeper waters of the DWSC 
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and may become available to primary producers in the photic 
zone following vertical mixing. However, benthic-derived 
DIN may be constrained to the aphotic zone, especially dur-
ing stratification events, and may be advected longitudinally 
before mixing vertically. Typically, estimates of benthic flux 
rates are based on static chamber measurements and do not 
incorporate flux enhancements associated with water cur-
rents and sediment resuspension. Benthic fluxes and sediment 
resuspension likely increase with tidal velocities and with the 
passing of large ships. Accurately calculating benthic fluxes 
in dynamic tidal systems remains a research opportunity, but 
the recycling of N and other nutrients may be substantial and 
sufficient to meet the ecosystem need.

Patterns in N availability are in part related to the persis-
tence of the turbidity maximum, which serves as a source of 
nutrient transport landward and a component of the food web 
(Feyrer et al. 2017; Young et al. 2020). A large portion of the 
food web in the lower DWSC (within the turbidity maximum 
zone) relies on allochthonous and (or) detrital food sources 
(Young et al. 2020). Low reliance on autochthonous carbon 

suggests net heterotrophy in the lower DWSC that may be 
fueled by the import of organic matter (Fig. 8). The food 
web of the upper DWSC appears to be supported by a greater 
amount of autochthonous carbon (Young et al. 2020), sug-
gesting the upper DWSC may be autotrophic and a supply of 
organic matter and food for higher trophic levels, or a source of 
such materials for seaward export. Our results indicate a slight 
spatial gradient in NEP (Loken et al. 2021), aligning with the 
perception of autotrophic conditions in the upper DWSC 
(Fig. 8). However, our NEP analysis has a limited temporal 
and spatial scope. Likely, NEP varies seasonally in accordance 
with temperature, day length, and nutrients, and we expect a 
nonlinear spatial pattern in response to variations in hydrody-
namics, light, nutrients, and transport (Caffrey 2004; Caffrey 
et al. 2014; Qin and Shen 2021). Thus, to effectively assess the 
energetic balance of the DWSC and tidal systems, fluxes and 
rates need to be assessed at an expanded temporal and spatial 
scale (i.e., the whole year and along its entire length) and inte-
grated within an ecosystem-wide hydrodynamic framework 
(Boynton et al. 1982; Crosswell et al. 2017; Wang et al. 2018).

Fig. 8   Conceptual depiction of the major drivers of production in 
the Sacramento River Deep Water Ship Channel above the turbidity 
maximum zone. Moving landward, tidal excursion lengths shorten, 
turbidity decreases, and light availability increases. Sediment and 
nutrient transport, nitrogen (N) to phosphorus (P) ratios, and N avail-
ability also decrease moving farther into the channel. Gross primary 
production (GPP) in the seaward extent of the channel appears light-

limited, while we predict that the landward portion can become N 
limited. Maximum net ecosystem production (NEP) may occur near 
the transition from light to nutrient limitation (center inset), which 
can subsidize landward and seaward food webs. Arrow and icon sizes 
approximate the relative rates (GPP, transport, uptake) and pool sizes 
(fish, zooplankton, nutrients), respectively
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Implications for Management

What are the implications of our study for management 
actions that may seek to increase production in the greater 
delta? Although our fertilization experiment did not appear 
to boost ecosystem productivity, our mechanistic insight 
into how hydrodynamics, habitat connectivity, and spatial 
heterogeneity interact to affect rates of whole-ecosystem pri-
mary production informs other possibly effective nutrient-
based manipulations. First, N additions may have been more 
effective if applied farther landward where lower rates of 
dispersive flux, elevated stratification potential, and habitat 
isolation elevate the potential for nutrient limitation. Using 
the average metabolic rates at our farthest landward site 
(NL76; Fig. 7) to represent baseline metabolism of the rest 
of the landward DWSC, we can approximate the amount of 
N needed to maintain unconstrained metabolic growth. The 
total area landward of NL76 is 1.4 km2 with a mean depth 
of 6.2 m (Fregoso et al. 2020). Raising NO3 concentrations 
by 0.12, 0.17, 0.26, and 0.38 mg N L−1 on four consecutive 
days would meet the demand of unconstrained pelagic pri-
mary production based on laboratory incubation (Table S2). 
If N concentrations were increased throughout the entire 
water column landward of NL76, it would require ~ 10 times 
the amount of N applied during our experiment. However, 
production would be higher in the upper water column, so 
ideally the N additions could be constrained to the photic 
zone. If the system were stratified and (or) additions could 
be maintained in the photic zone, the amount of N needed 
would be reduced.

Management could also consider algal growth rates and 
temporary flow diversions in future manipulations. During 
stratified conditions, the algal doubling rate in the photic 
zone is on the order of ~ 1 day, suggesting that consecutive 
nutrient additions to a stratified photic zone have the poten-
tial to increase Chl a and GPP. Periodic diversion of Sacra-
mento River water, which has both higher DIN concentration 
and greater water clarity than the DWSC during the summer, 
through the West Sacramento Lock thus has the potential 
to both stimulate primary production and export biomass 
seaward to the turbidity maximum zone and beyond, thereby 
subsidizing food supply. However, adding net flow would 
temporarily weaken stratification and may alter the dynamics 
of the turbidity maximum zone, which in turn could affect 
other physical, chemical, and biological properties of the 
DWSC ecosystem.

Conclusions

The DWSC, with its gradients in hydrodynamics, turbid-
ity, and nutrient availability, is a natural laboratory that we 

used to examine how hydrodynamics and sediment transport 
mechanisms create spatial heterogeneity that regulates rates 
of primary production in a terminal slough. Although there 
is a good conceptual understanding of how light, nutrients, 
and hydrodynamics together regulate rates of primary pro-
duction in the delta (Jassby et al. 2002; Cloern et al. 2014), 
few empirical studies quantify these processes at ecologi-
cally relevant spatiotemporal scales. Our experiment demon-
strated that persistent and long-term nutrient additions would 
be necessary to fuel an increase in phytoplankton biomass 
given the rates of dispersive mixing. The extent to which net 
production is consumed at a given location by zooplankton 
and benthic grazers or exported landward or seaward within 
the system will depend on local population densities and 
community structure, as well as hydrodynamics via tidal 
dispersion and the possibility to create net advective flows 
through gate operations. Thus, quantifying fluxes of carbon 
and nutrients in a spatially explicit context that includes an 
understanding of hydrodynamics is critical for determining 
resource availability for higher trophic levels.
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