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Abstract Understanding rates of nitrogen cycling in estuaries
is crucial for understanding their productivity and resilience to
eutrophication. Nitrification, the microbial oxidation of ammo-
nia to nitrite and nitrate, links reduced and oxidized forms of
inorganic nitrogen and is therefore an important step of the
nitrogen cycle. However, rates of nitrification in estuary waters
are poorly characterized. In fall and winter of 2011–2012, we
measured nitrification rates throughout the water column of all
major regions of San Francisco Bay, a large, turbid, nutrient-
rich estuary on the west coast of North America. Nitrification
rates were highest in regions furthest from the ocean, including
many samples with rates higher than those typically measured
in the sea. In bottom waters, nitrification rates were commonly
at least twice the magnitude of surface rates. Strong positive
correlations were found between nitrification and both
suspended particulate matter and ammonium concentration.
Our results are consistent with previous studies documenting
high nitrification rates in brackish, turbid regions of other estu-
aries, many of which also showed correlations with suspended

sediment and ammonium concentrations. Overall, nitrification
in estuary waters appears to play a significant role in the estu-
arine nitrogen cycle, though the maximum rate of nitrification
can differ dramatically between estuaries.

Keywords Nitrification . Biogeochemistry . Ammonia
oxidation . Ammonium . Nitrogen . Estuary

Introduction

Since the development of industrial methods to fix dinitrogen
(N2) gas, the global nitrogen (N) cycle has been heavily
perturbed (Rockström et al. 2009). Estuaries, in particular,
can be highly impacted by coastal nutrient pollution and eu-
trophication, due to their locations near dense population cen-
ters and at the mouths of large watersheds (Bricker et al.
2008). Estuaries are very diverse ecosystems, with widely
varying levels of nutrients, productivity, turbidity, and tidal
range. Because of this, relationships between N supply and
productivity in estuaries are not straightforward, complicating
efforts to manage eutrophication via nutrient reductions (Paerl
2009). High N inputs can have cascading effects on phyto-
plankton growth and ecosystem metabolism; thus, under-
standing the productivity and food web structure of any estu-
ary requires a comprehension of N cycling rates, especially in
ecosystems heavily impacted by nutrient pollution.
Additionally, links between estuary N cycles and regional
changes such as increasing temperatures, sea-level rise, and
changing species phenology remain largely unexplored
(Rabalais et al. 2009; Najjar et al. 2010). Despite the mantra
of estuaries acting as ecological Bfilters^ between the land and
the sea (Schubel and Kennedy 1984), rates of N cycling pro-
cesses in many estuaries are not well constrained. Studies of
biogeochemical processes in a variety of estuaries are needed
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to determine whether general patterns exist and to set base-
lines from which future changes can be compared.

Nitrogen in aquatic ecosystems exists in numerous forms,
including inorganic ions across a range of oxidation states and
organic molecules such as amino acids, urea, and polyamines.
With the exception of photosynthetic uptake, most inorganic
N cycling pathways occur due to dissimilatory microbial met-
abolic reactions (Ward 2012). Nitrification is the microbially
catalyzed oxidation of ammonia (NH3) to nitrite (NO2

−),
followed by oxidation of NO2

− to nitrate (NO3
−). These pro-

cesses are carried out by distinct functional groups (or guilds)
of organisms: ammonia-oxidizing bacteria (AOB) and archaea
(AOA) convert ammonia to nitrite, while nitrite-oxidizing
bacteria (NOB) oxidize nitrite to nitrate. As the primary link
between reduced ammonium (NH4

+) or NH3 and the oxidized
substrates (NO3

− and NO2
−) required for denitrification and

anammox (the two microbial processes capable of converting
inorganic N to N2), nitrification is a critical component of the
N cycle of any ecosystem.

Although estuaries typically sustain far greater N loads
than marine waters, relatively few recent studies have mea-
sured nitrification rates in estuary waters. Measurements of
pelagic estuarine nitrification have evolved from measuring
carbon fixation (14C uptake) or changes in bulk nutrient con-
centrations in combination with nitrification inhibitors (e.g.,
Somville 1984; Feliatra and Bianchi 1993) to 15N-NH4

+ tracer
techniques, which tend to be more sensitive and require fewer
assumptions about inhibitor efficiency in natural nitrifying
populations (Hall 1984; Santoro et al. 2010) or ratios between
carbon fixation and ammonia oxidation (Enoksson 1986;
Andersson et al. 2006). For these reasons, tracer incubations
have become the most commonway to estimate instantaneous
nitrification rates throughout the sea (e.g., Beman et al. 2008;
Santoro et al. 2010; Newell et al. 2011; Füssel et al. 2012;
Smith et al. 2015). Detection of nitrification using 15N-NH4

+

relies on measurement of 15N in NO2
− and NO3

− (NOX).
Measurements of 15N-NOX include adaptations of the ammo-
nia diffusion method (e.g., Brion et al. 2008), multi-step
chemical extraction procedures involving capture of nitrite
in an aniline dye and solvent extraction to measure 15N-NOX

(e.g., Ward and Kilpatrick 1990), and the denitrifier method,
which converts NOX to nitrous oxide (N2O) for isotopic anal-
ysis (Sigman et al. 2001). The denitrifier method provides
some advantages in sample throughput and sensitivity of
15N/14N measurements, particularly at low rates of nitrifica-
tion, allowing for detection of rates when changes in NOX

concentrations are below the detection limit of standard as-
says, as changes in δ15NNOx can be measured even when
NOX concentrations remain effectively constant and only
trace amounts of 15N-NH4

+ were added (Santoro et al. 2013).
San Francisco Bay is the largest estuary on the west coast

of North America and consists of two connected but distinct
regions: South Bay is a relatively shallow polyhaline basin

with little freshwater input and long residence times, while
the northern regions (from Central Bay to the Sacramento
River; Fig. 1) are a typical estuary gradient from high-
salinity water in Central Bay to the Sacramento and San
Joaquin Rivers, with the location of brackish zones in North
Bay depending on river flow (Conomos et al. 1985). The main
source of freshwater to the estuary is the Sacramento River,
with additional small inputs from the San Joaquin River and
regional creeks and streams. Tidal exchange occurs through
the Golden Gate, a narrow strait joining Central Bay to the
Pacific Ocean. North Bay is mostly shallow, and tidal forcing
is strong, leading to a generally well-mixed water column
(Kimmerer 2004). This estuary has been profoundly affected
by human activities in a myriad of ways, including freshwater
diversions, changes in sediment supply, rampant biological
invasions, and augmented nutrient inputs from wastewater
effluent and agricultural/urban runoff (Kimmerer 2004;
Cloern and Jassby 2012). However, primary productivity in
San Francisco Bay is generally low, in spite of plentiful nutri-
ents, with phytoplankton biomass largely limited by light and
top-down predation (Cole and Cloern 1984; Alpine and
Cloern 1992). Therefore, while seminal studies of pelagic N
cycling processes in other North American estuaries were un-
dertaken decades ago (e.g., McCarthy et al. 1984; Berounsky
and Nixon 1985; Lipschultz et al. 1986), relatively little is
known about nutrient biogeochemistry in San Francisco
Bay. Meanwhile, recent research has suggested an increasing
vulnerability of San Francisco Bay to high nutrient loads:
annual averages of chlorophyll in South Bay are increasing
(Cloern et al. 2010), blooms of toxic cyanobacteria are com-
mon in freshwater regions (Lehman et al. 2005), and altered
nutrient stoichiometry may have cascading effects on the food
web of the upper estuary (Glibert 2010). Renewed concern
about eutrophication has refocused attention on N cycling in
San Francisco Bay (e.g., Novick et al. 2014), yet nitrification
in the water column remains an important unknown. Here, we
used 15N-NH4

+ tracer incubations to measure nitrification
rates in surface and bottom waters from all major regions of
San Francisco Bay in the fall and winter of 2011–2012. These
data represent a critical first step toward assessing the effects
of this key process on the standing stocks and transformations
of N throughout San Francisco Bay and in estuaries in general.

Materials and Methods

Sample Collection and Environmental Data

Water samples were collected from all major regions of San
Francisco Bay on four cruises. Initial sampling on October
13, 2011, took place on the R/V Questuary (Romberg
Tiburon Center, San Francisco State University), while the lat-
ter three cruises (October 18, 2011; December 13, 2011;
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February 7, 2012) were aboard the R/V Polaris (USGS, Menlo
Park). Fourteen stations were sampled in total (Fig. 1). Onboard
theQuestuary, water samples were collected from 1 to 3 depths
using a Seabird Electronics SB-32 rosette mounted with six 3-L
Niskin bottles. Vertical profiles of temperature and salinity, tur-
bidity, photosynthetically active radiation (PAR), and chloro-
phyll were obtained from a Seabird SBE-19plus CTD, D&A
OBS-3 turbidity sensor, Li-Cor LI-193 PAR sensor, and a
WETStar fluorometer, respectively, mounted on the rosette.
Light attenuation coefficients (kd) were calculated as the slope
of a regression line of natural log-transformed PAR versus
depth. Onboard the Polaris, surface water samples (2 m depth)
were collected from a continuous bow pump, and bottom-water
samples (1 m above the sediment bed) were collected using a
handheld Niskin bottle. Environmental parameters (excluding
nutrient data) were collected by using a modified Seabird CTD

and were downloaded from the USGS Water Quality of San
Francisco Bay database (http://sfbay.wr.usgs.gov/access/
wqdata; for detail on Polaris field methods, see http://sfbay.
wr.usgs.gov/access/wqdata/overview/measure/index.html). All
salinity data were measured using the Practical Salinity Scale.
Delta outflow data were downloaded from the California
Department of Water Resources Dayflow database (http://
www.water.ca.gov/dayflow/). Nutrient samples were filtered
(0.2-μm pore size) and immediately frozen on dry ice prior to
storage at −20 °C. Nitrate and nitrite were measured using a
Unity Scientific SmartChem 200 Discrete Analyzer, following
standard procedures. Ammonium was measured using the
salicylate-hypochlorite method (Bower and Holm-Hansen
1980).

Due to a lack of direct suspended particulate matter (SPM)
measurements taken from Questuary stations, nitrification
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Fig. 1 Map of stations sampled throughout San Francisco Bay in fall and winter of 2011–2012. USGS stations were sampled on the Polaris, and SFQ
stations were sampled on the Questuary
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rates measured on the Questuary could not be directly com-
pared with SPM concentrations as done on the Polaris cruises
using SPM data downloadad from the USGS database. To
enable comparison, we created a simple model to estimate
SPM concentrations from Questuary stations based on kd
and chlorophyll concentrations, which were measured on both
ships. Since the only cruise on the Questuary took place in
October 2011, we downloaded surface data collected on the
Polaris from October 6 to November 4, 2011. Samples from
Lower South Bay were excluded, due to anomalously high
SPM concentrations and a paucity of kd data from this region.
Multiple linear regression models were constructed to explain
the variability in kd using SPM and chlorophyll concentrations
(as measured directly on the Polaris), which were selected due
to their potential ability to increase turbidity and thus affect kd
(Cloern 1987; Devlin et al. 2009). The final model was solved
to calculate surface SPM concentrations, validated by com-
paring modeled and measured (i.e., database) SPM concentra-
tions for Polaris cruises from September 20 and November
15, 2011, and used to calculate surface SPM concentrations at
Questuary stations. Modeled surface SPM concentrations
were scaled through the water column by assuming a 1:1
correlation between measured turbidity and calculated SPM.

Nitrification Rates

Nitrification was measured via 15N-NH4
+ tracer incubations

similar to previously published methods (Santoro et al. 2010;
Smith et al. 2014b). Water samples were amended with 15N-
NH4Cl (99 atom% 15N) at approximately 10 % of the ambient
NH4

+ concentration, gently mixed, and partitioned into dupli-
cate 250-mL opaque HDPE bottles, which were held at ambi-
ent surface temperatures for 24 h in a flow-through polycar-
bonate deck incubator. Immediately following tracer addition
and after 24 h, incubations were subsampled for 15N/14N iso-
tope measurements of the NOX pool (δ15NNOx) by syringe
filtration (0.2-μm pore size). Filtered samples were frozen
on dry ice prior to storage at −20 °C. In addition to endpoint
sampling, numerous incubations were sampled one to two
additional times during the 24-h incubation period to assess
the linearity of changes in δ15NNOx over time.

The bacterial denitrifier method was used to measure
δ15NNOx (Sigman et al. 2001). Following bacterial conversion
of NOX to N2O, isotopic ratios were measured using a
Finnigan DeltaPLUS isotope ratio mass spectrometer (McIlvin
and Casciotti 2011). Nitrate isotope references USGS-32,
USGS-34, and USGS-35 were analyzed every nine samples
to calibrate measured values. Given a measured δ15N (‰)
value, the atom ratio 15N (AR15N) was defined as follows:

AR15N ¼
15N
14N

¼ δ15N
� �

ARstdð Þ
1000

þ ARstd ð1Þ

assuming a reference (N2 gas) atom ratio ARstd of 0.0036765
(Junk and Svec 1958). Calculated atom ratios of NOX

(AR15N-NOx) were converted to atom fraction 15N (AF15N-NOx)
using the following equation:

AF15N−NOx ¼
15NNOx

14NNOx þ 15NNOx
¼ AR15N−NOx

1þ AR15N−NOx
ð2Þ

Nitrification rates (Rnit) were calculated using an endpoint
model to estimate the flux of N from the NH4

+ pool to the
NOX pool over time. This calculation (Eq. 3) was modified
from models calculating phytoplankton nutrient uptake rates
and is analogous to the Bbiomass-specific uptake rate^ report-
ed in the phytoplankton literature (e.g., Ward et al. 1989;
Legendre and Gosselin 1996):

Rnit ¼
NOX½ �ð Þ � AF15N−NOX f

−AF15N−NOXi

� �

AF15N−NHþ
4sp

� �
� t

; ð3Þ

where AF15N-NOxf is the atom fraction 15NOX at the final
timepoint, AF15N-NOxi is the initial (unlabeled) atom fraction
15NOX, [NOX] is the concentration of the NOX pool, and
AF15N-NH4sp is the atom fraction 15NH4

+ following addition
of the 15N-NH4Cl spike. AF15N-NH4spwas calculated using the
following equation:

AF15N−NHþ
4sp

¼
NHþ

4i

h i� �
AF15N−NHþ

4i

� �
þ NHþ

4add

h i� �
AF15N−NHþ

4add

� �

NHþ
4i

h i
þ NHþ

4add

h i ;

ð4Þ

assuming a background atom fraction 15NH4
+ (AF15N-NH4i)

equal to the standard value of 0.003663 and an atom fraction
15NH4

+ of the added spike (AF15N-NH4add) equal to 0.99.
[NH4

+
i] and [NH4

+
add] were the measured in situ (unspiked)

ammonium concentration and the added spike concentration,
respectively. Since changes in NOX and ammonium concen-
trations in the incubations were below the detection limit of
our techniques, we assumed constant concentrations through-
out the incubation period. We also assumed that ammonium
was not significantly fractionated by uptake or diluted by
remineralization during incubations. The validity of an end-
point calculation was assessed by checking the linearity of
δ15NNOx increases in numerous incubations. For samples with
duplicate nitrification measurements, the reported value is the
midpoint, and error bars represent the range.

Statistical Analyses

Statistical tests were calculated using R (R Core Team 2014).
Comparisons of data between seasons used two-tailed Welch t
tests via the t.test() function, with October samples grouped as
Bfall^ and December and February grouped as Bwinter.^
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Comparisons between regions (South Bay, Central Bay, North
Bay, and the Sacramento River) used one-way ANOVA F
tests. Pairwise correlations were assessed with Spearman’s
rank correlation coefficient (Spearman’s ρ). Principal compo-
nent analysis (PCA) was conducted using the rda() function in
the vegan package (Oksanen et al. 2013), using a table of z-
transformed environmental data by sample as input. The z-
transformation subtracts the mean value from each measure-
ment and divides by the standard deviation, standardizing data
across different scales (Legendre and Legendre 2012). PCA
results are shown in scaling 1, where distances between points
represent the Euclidean distance between samples in multidi-
mensional space (Borcard et al. 2011). Figures were made
using the ggplot2 and ggmap packages in R (Wickham
2009; Kahle and Wickham 2013).

Multiple linear regression modeling was conducted in R.
Outliers in explanatory variables were visually identified
using Cleveland dotplots generated using the dotchart() com-
mand, and variables were transformed, if necessary.
Collinearity was assessed using a combination of pairplots
and variance inflation factors (VIFs), using the functions
pairs() and corvif(), respectively (Zuur et al. 2009).
Variables were sequentially removed if VIFs indicated signif-
icant collinearity, with remaining VIFs then recalculated until
VIFs were all <3 and pairplots suggested no significant cor-
relations. Initial analyses were conducted using all non-
collinear explanatory variables, and models were parsed using
a stepwise forward-backward selection of nestedmodels using
the step() command. Final model selection was based on a
decreased Akaike’s An Information Criterion (AIC) values
and increased adjusted r2 values. Regression assumptions
were checked visually using a scatterplot of residuals against
fitted model values, a histogram of residuals, a quantile-
quantile plot, and scatterplots of model residuals against each
explanatory variable. Response or explanatory variables were
transformed to eliminate patterns in residual plots, if
necessary.

Results

Environmental Data

Salinity varied regionally (F4,28 = 112.2, p<0.001) in San
Francisco Bay, reflecting proximity to the dominant saltwater
and freshwater sources (the Pacific Ocean and the Sacramento
River, respectively; Fig. 2a, h). Highest salinity waters were in
Central Bay, with a mean value of 28.2 (SD=2.10, n=20),
while mean salinity decreased only slightly in South Bay
(mean±SD=27.6±0.43, n=4; see Supp. Table 1 for environ-
mental data from each sample). In contrast, salinity was nota-
bly lower and more variable in North Bay (13.2±7.90, n=4)
and nearly zero in the Sacramento River (0.1± 0.02, n=5),

reflecting classical estuarine mixing of marine and fresh wa-
ters along the northern estuary (Fig. 2a). Water temperature
did not vary regionally (F4,28= 2.0, p=0.19) but showed dis-
tinct differences between seasons (t28.6 = 20.0, p< 0.001):
mean fall temperature was 17.3±0.9 °C (n=19), while winter
temperature was 10.9±0.9 °C (n=14; Fig. 2b, i). Chlorophyll
also varied by season, with slightly higher values in the fall
(5.9 ± 4.0 mg m−3, n = 19) compared to winter (2.7
± 0.8 mg m−3, n = 14; t19.8 = 3.4, p = 0.003; Fig. 2c, j).
Several fall samples from Central Bay waters had chlorophyll
concentrations ≥10 mg m−3, with a maximum of 12.8 mg m−3

at Station SFQ-3 (Supp. Table 1).
All nutrients showed similar regional patterns through

space and time (Fig. 2e–g), with high concentrations in
South Bay and the Sacramento River (except for nitrite, which
was elevated in South Bay but not the Sacramento River;
Fig. 2f). Additionally, all nutrients had lower concentrations
in fall compared to winter (Fig. 2l–n), showing the inverse
pattern of temperature and chlorophyll. Ammonium showed
strong regional variation (F4,28 = 8.4, p<0.001), with high
concentrations in the Sacramento River (14.2 ± 4.97 μM,
n=5) and South Bay (12.3±4.73 μM, n=4) and lower values
in North Bay (9.4 ± 2.51 μM, n=4) and Central Bay (6.1
±2.59 μM, n=20; Fig. 2e, Supp. Table 1). Nitrate also varied
regionally (F4,28=24.3, p<0.001), with the lowest mean val-
ue in Central Bay (11.9±4.3 μM, n=20) and the greatest in
South Bay (39.1 ± 7.4 μM, n=4; Fig. 2g, Supp. Table 1).
Nitrate showed a distinct seasonal change: fall concentrations
were lower (11.2 ± 3.3 μM, n = 19) than winter (26.1
±10.2 μM, n=14; t15.1=5.2, p<0.001; Fig. 2n). Nitrite con-
centrations were far lower than other nutrients: most samples
were <1 μM, except for South Bay stations (4.8± 3.0 μM,
n=4) and station USGS-24 at the southern end of Central
Bay (1.1 μM; Supp. Table 1). Nitrite differed significantly
between regions (F4,28=15.6, p<0.001; Fig. 2f) but was only
marginally different between fall (0.4±0.3 μM, n=19) and
winter (1.8±2.4 μM, n=14; t13.2= 2.1, p=0.052; Fig. 2m).

SPM concentrations from the USGS database were linearly
correlated to kd (r2=0.837, p<0.001) but not chlorophyll
(r2=0.042, p=0.104), and removing chlorophyll improved
model performance. Therefore, kd was the only variable used

to model surface SPM (final model: SPM ¼ kd−0:340
0:594 ).

Comparing measured (database) and modeled surface SPM
concentrations from Polaris cruises on September 15 and
November 20, 2011 showed a highly significant linear corre-
lation (r2=0.840, p<0.001). We were therefore confident that
this model reasonably estimated SPM concentrations in San
Francisco Bay and used it to calculate surface SPM concen-
trations for Questuary stations, which were then propagated
through the water column using the measured turbidity pro-
files from these stations. Modeled SPM values were relatively
low (2.0 to 21.7 mg L−1, n=11; Supp. Table 1). Overall, SPM
varied both regionally (F4,28= 3.4, p=0.022) and temporally
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(t23.2 = 4.6, p < 0.001), with a total range from 2.0 to
176.0 mg L−1 (Supp. Table 1). Mean SPM was high in
South Bay (30.7±15.9 mg L−1, n=4) and North Bay (53.7
±81.6 mg L−1, n=4; Fig. 2d) and higher across all regions in
winter (33.5 ± 43.3 mg L−1, n = 14) than in fall (7.6
±5.4 mg L−1, n=19; Fig. 2k). At stations where more than
one depth was sampled, SPM was often greater in bottom
waters than surface waters (Supp. Table 1).

In the PCA of environmental data, the first two principle
components explained 61.8 % of the environmental variance.
Samples clustered distinctly by season, with October cleanly
separated from December and February (Fig. 3). This cluster-
ing was driven largely by increased temperature and chloro-
phyll in October, as well as decreased nitrate, nitrite, and SPM
concentrations.

Nitrification Rates

When δ15NNOx was measured ≥3 times over the incubation
period, increases were linear over time (r2= 0.994 ± 0.006,
n= 26), including samples from all regions and across our
range of measured rates. Therefore, the use of an endpoint
model to calculate nitrification rates was justified.
Nitrification was detected in all samples, with a minimum
value of 6.6 nM day−1 at station SFQ-2 (Central Bay sur-
face waters) and a maximum of 310.2 nM day−1 at station
USGS-9 (North Bay bottom waters, in Carquinez Strait;
Fig. 4). In general, nitrification rates were lowest in
Central Bay (30.1 ± 25.1 nM day−1, n= 20), particularly in
waters closest to the Pacific Ocean. In regions further from
the ocean, nitrification was generally higher but quite var-
iable, with mean values of 75.8 nM day−1 (±80.3) in South
Bay, 150.2 nM day−1 (±132.5) in North Bay, and
112.3 nM day−1 (±38.4) in the Sacramento River. This re-
gional pattern was statistically significant (F4,28 = 5.0,
p= 0.003). Nitrification did not vary significantly between
seasons (t20.8 = 1.5, p= 0.160).

Linear Regression Models

Significant outliers were present in SPM and nitrite (Supp.
Fig. 1). Nitrite concentrations were highest in South Bay, espe-
cially at station USGS-30 in December (Supp. Table 1),
confirming previous reports of high concentrations of nitrite,
as well as other nutrients (Wankel et al. 2006; Mosier and
Francis 2008), in this region. The lone SPM outlier was station
USGS-9 (Supp. Table 1) in Carquinez Strait, an area known to
have transiently high bottom-water SPM due to sediment resus-
pension and trapping (Schoellhamer 2001). Therefore, outliers
in both nitrite and SPM represent ecosystem variability and not
measurement error. Log transformations of both variables re-
sulted in a more even spread (Fig. 5) and were therefore used in
all linear regression models. VIF analysis suggested numerous

collinear variables (nitrite, nitrate, and salinity), which were
sequentially removed from the initial model.

The multiple linear regression model explaining the highest
proportion of variance in nitrification rates included SPM, tem-
perature, and ammonium as explanatory variables, with regres-
sion coefficients shown in Table 1. Nitrification was log trans-
formed due to a pattern in the residual plot prior to transforma-
tion. Overall, the linear model explained 68% of the variance in
nitrification and was highly significant (F3,29=23.8, p<0.001;
Table 1). All three environmental variables were positively re-
lated to nitrification, with SPM and ammonium having themost
significant effects. This model reflected the general pattern of
high nitrification rates in samples with high SPM (USGS-30
andUSGS-9 bottomwaters) or high ammonium (USGS-30 and
USGS-657). Since temperature varied seasonally across San
Francisco Bay (Fig. 2i), it is interesting that while nitrification
rates were not statistically different between seasons (see
BNitrification Rates^ section), inclusion of temperature in the
regression model with log SPM and ammonium increased the
explanatory power, suggesting that there may be a relationship
between nitrification and temperature when SPM and ammoni-
um are also taken into account. There was no evidence of strong
collinearity between temperature and either log SPM or ammo-
nium (Fig. 5).

Discussion

Nitrification in San Francisco Bay: Regional Differences
and Relationships with Ammonium and SPM

Although quantifying nutrient fluxes in estuaries is of para-
mount importance for understanding anthropogenic impacts
on coastal ecosystems, biogeochemical rates of many process-
es remain understudied in many estuaries. To our knowledge,
the data presented here are the first published water column
nitrification rates from the San Francisco Bay ecosystem.
Nitrification in this estuary showed high regional variation,
with lower values close to the Pacific Ocean and higher values
in either North Bay or South Bay. Different embayments with-
in San Francisco Bay are physicochemically distinct,
displaying variation in several environmental factors
(Conomos et al. 1985; Kimmerer 2004) that could affect ni-
trification rates. Tidal exchange with the ocean leads to waters
in Central Bay with shorter residence times, higher salinity,
lower turbidity, and lower ammonium than other regions

�Fig. 2 Boxplots of environmental data, grouped by a–g region and h–n
season. In a–g, left to right shows South Bay, Central Bay, North Bay, and
the Sacramento River. For seasonal groupings, October cruises are
designated as Bfall,^ while December and February cruises are
designated as Bwinter.^ In h–n, fall data is on the left and winter is on
the right
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(Conomos et al. 1985; Walters et al. 1985; Kimmerer 2004).
Therefore, though the Central Bay stations sampled here were
quite diverse (for instance, station SFQ-2 is located in the deep
channel just inside the Golden Gate, SFQ-4 is over a shoal,

and USGS-13 is located in the channel of San Pablo Bay),
most nitrification rates in this region were low (Fig. 4).
Although our sampling effort in North Bay and the
Sacramento River was limited, average nitrification rates in

e

0

5

10

15

20

A
m

m
on

iu
m

 (
µM

)

f

0

2

4

6

8

N
itr

ite
 (

µM
)

g

0

10

20

30

40

50

So
ut

h

C
en

tra
l

N
or

th

Sa
c.

N
itr

at
e 

(µ
M

)

l

0

5

10

15

20

A
m

m
on

iu
m

 (
µM

)

m

0

2

4

6

8

N
itr

ite
 (

µM
)

n

0

10

20

30

40

50

Fa
ll

W
in

te
r

N
itr

at
e 

(µ
M

)

Fig. 2 (continued)

Estuaries and Coasts (2016) 39:1050–1071 1057



−2 −1 0 1 2

−
2

−
1

0
1

2

PCA, Environmental Parameters: Scaling 1 (Distance Biplot)

PC1 (42.2% Variance Explained)

P
C

2 
(1

9.
6%

 V
ar

ia
nc

e 
E

xp
la

in
ed

)

Chlorophyll

SPM

Salinity

Temperature

Nitrate

Nitrite

Ammonium

Oct
Dec
Feb

Fig. 3 Biplot representation of a
PCA using transformed
environmental data. The z-
transformation was used to
standardize across varying scales.
Distances between points
represent the Euclidean distances
between samples in
multidimensional space, and
projections of a point onto a
vector represent the position of a
sample on that environmental
parameter. Points are colored by
month sampled

South Central North Sac.

0

50

100

150

200

250

300

350

400

450

USGS−30

USGS−27

USGS−24

USGS−21

USGS−18

SFQ−2

SFQ−3

SFQ−4

SFQ−5

SFQ−6

USGS−13

USGS−9

USGS−6

USGS−657

Station

N
itr

ifi
ca

tio
n 

(n
M

 d
−1

) Month
Oct
Dec
Feb

Depth
Surf/Mid
Bottom

Fig. 4 Nitrification rates in San
Francisco Bay waters. Samples
are colored by month sampled.
Shapes represent surface/mid-
water vs. bottom-water samples.
For samples with duplicate
measurements taken, the point
shows the midpoint and error
bars show the range. Region is
denoted at the top of the figure
(Sac. Sacramento River)

1058 Estuaries and Coasts (2016) 39:1050–1071



these regions were higher than those in Central Bay (particu-
larly in bottomwaters), reflecting a general increase in fresher,
higher ammonium waters (Fig. 4; Table 1). Wastewater efflu-
ent discharged into the Sacramento River provides a constant
and plentiful source of ammonium to the lower river and
northern bay. While a significant fraction of the ammonium
is depleted in the lower Sacramento River before reaching the
estuary (Parker et al. 2012), enough effluent reaches the upper

bay to increase ammonium concentrations substantially com-
pared to waters further downstream (Fig. 2e). Additionally,
turbidity in the low-salinity regions of San Francisco Bay is
high enough to limit primary productivity (Cole and Cloern
1984; Alpine and Cloern 1988) and thus decrease light inhi-
bition of nitrifiers (Horrigan and Springer 1990) or potential
competition for ammonium between primary producers and
nitrifiers (Smith et al. 2014a).
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In contrast to the northern regions of San Francisco Bay,
South Bay (south of USGS-24; Fig. 1) has little freshwater
input (Conomos et al. 1985; Kimmerer 2004). Tidal transport
of water from Central Bay and mixing with wastewater efflu-
ent discharged into lower South Bay (the dominant source of
freshwater to this region) create a well-mixed, polyhaline
Blagoonal^ ecosystem dominated by extensive shoals. The
paucity of freshwater and the restriction of exchange with
Central Bay lead to high water residence time in South Bay,
typically on the order of months (Cheng and Gartner 1985;
Walters et al. 1985). Long water residence times not only
allow for remineralization of much of the organic matter in
South Bay, but would also provide time for nitrifying popula-
tions to grow to substantial population sizes without being
advected out of the estuary. Nutrient concentrations (particu-
larly nitrate, but also ammonium and nitrite) are high due to
inputs from treated wastewater (Cloern and Jassby 2012), and
turbidity in this region is also relatively high due to wind stress
over the shoals (see BNitrification and SPM in San Francisco
Bay^ section below). The combination of long water resi-
dence time, tidal mixing, high turbidity, and relatively high
productivity in this region results in high benthic
remineralization and ammonium production (Caffrey 1995;
Grenz et al. 2000), as well as high heterotrophic activity in
bottom waters (Caffrey et al. 1998). Our data suggest that
water column nitrification rates in this region are high, as well.

Throughout San Francisco Bay, nitrification rates generally
paralleled concentrations of SPM (higher rates near the
sediment-water interface or in more turbid regions of the bay)
and ammonium (higher rates in the Sacramento River and South
Bay), which were identified as having the strong effects on ni-
trification (Table 1). We discuss nitrification in San Francisco
Bay in the context of these two environmental variables below.

Nitrification and SPM in San Francisco Bay

In most regions of San Francisco Bay, local SPM dynamics
are driven by a combination of resuspension and advection
between shoals and channels, while system-wide dynamics
largely depend on sediment delivered via riverine pulses.

Our data showed a correlation between nitrification rates and
SPM concentrations across all regions in San Francisco Bay
(Spearman’s ρ=0.63, p<0.001), suggesting that it is a robust
feature of this ecosystem. Even discounting USGS-9 bottom
waters (a high outlier for both SPM and nitrification), this
correlation was still significant (Spearman’s ρ = 0.59,
p<0.001). Many river-dominated estuaries have large estua-
rine turbidity maxima (ETMs) in low-salinity regions, where
particles are trapped in bottom waters (Jay and Musiak 1994).
ETMs in San Francisco Bay mainly occur due to effects of
bathymetry and sediment resuspension and are therefore typ-
ically restricted to fixed locations (e.g., near sills) rather than
specific salinities (Schoellhamer 2001; Ganju and
Schoellhamer 2008), though SPM concentrations are general-
ly higher in brackish North Bay waters compared to both
riverine and marine regions (Conomos et al. 1985;
Hollibaugh and Wong 1999). Turbidity is also high in South
Bay (south of station USGS-24), which consists primarily of
broad shoals where sediment is easily resuspended by wind
and wave action and then advected to the channel during ebb
tides (Schoellhamer 1996; Brand et al. 2010). North Bay and
Central Bay also have numerous shallow regions (e.g., San
Pablo Bay and Grizzly Bay) where wind and wave resuspen-
sion can be strong and lead to short-time variations in SPM
(Ruhl et al. 2001; Warner et al. 2004). However, SPM fluctu-
ations throughout the northern estuary over seasonal time
scales are strongly influenced by sediment-rich freshwater
pulses in winter and spring (Ruhl and Schoellhamer 2004;
McKee et al. 2006).

Previous work showed roughly one third of the microbial
abundance and activity in northern San Francisco Bay waters
is particle-associated, particularly following sediment delivery
from the rivers in spring and early summer (Hollibaugh and
Wong 1999; Murrell et al. 1999). Even during low-flow con-
ditions when microbial populations throughout the estuary are
generally smaller and less active (likely due to decreased or-
ganic matter delivery from the rivers), particle-associated mi-
crobial activity remains high in brackish waters compared to
riverine and marine regions, in parallel with higher SPM in
brackish regions (Hollibaugh and Wong 1999). The correla-
tion between nitrification and SPM suggests that nitrifiers may
be particularly active on particles, as well. Notably, while
Central Bay had the lowest nitrification rates, two samples
(from stations USGS-18 and SFQ-6) had relatively high nitri-
fication rates for this region. Surface water nitrification at sta-
tion USGS-18 increased dramatically between December
2011 and February 2012, from 6.6 to 93.7 nM day−1

(Fig. 4), in parallel with a considerable increase in SPM
(Supp. Table 1). The February cruise was preceded by a spike
in Delta outflow (greater than 875 m3 s−1) due to a rainstorm
in late January 2012 (Supp. Fig. 2), which likely transported
sediment from the Delta to Central Bay (e.g., McKee et al.
2006). While higher resolution seasonal sampling is needed to

Table 1 Multiple linear regression parameters explaining log-
transformed nitrification

Parameter Estimate Std. error Partial r2 t p value

Intercept −0.575 0.377

log SPM 0.800 0.124 0.589 6.44 <0.001***

Temperature 0.058 0.017 0.282 3.37 0.002**

Ammonium 0.058 0.011 0.478 5.15 <0.001***

r2 = 0.68 F3,29 = 23.8 p< 0.001

Collinear explanatory variables were removed, based onVIF analysis and
pairplots. For environmental variables, asterisks denote statistical signif-
icance of **p< 0.01 and ***p < 0.001
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fully assess the effects of freshwater discharge on nitrification,
the data from Central Bay stations corroborate the idea that
biogeochemical cycling throughout San Francisco Bay is en-
hanced after periods of high freshwater discharge.

Correlations between nitrification and SPM may be due
either to the suspension of active ammonia oxidizers from
surface sediments or to increases in ammonium delivered
from the sediments to the water column. Our data establishes
correlative evidence of an association between these factors
but cannot yet determine the ultimate cause of this relation-
ship. Previous work has documented abundant populations of
AOA and AOB in surface sediments throughout San
Francisco Bay (Mosier and Francis 2008; Damashek et al.
2015), but it is not known whether the ammonia-oxidizing
communities in the water column are similar to benthic com-
munities. Nitrifying microbes are known to associate with
estuarine particles in many systems, increasing nitrification
rates in ETMs: for instance, numerous studies have suggested
that nitrifiers in surface sediments are numerous but oxygen-
limited until resuspension of microbial populations (along
with sediments) into the oxic water column in an ETM stim-
ulates these dense populations and leads to high nitrification
rates, similar to a Bfluidized bed reactor^ (Helder and DeVries
1983; Owens 1986). If this mechanism holds true in San
Francisco Bay, we expect the active nitrifying communities
in turbid bottom waters to contain clades commonly found in
surface sediment communities that have been stimulated via
resuspension into the oxygen-rich water column.

Nitrification and Ammonium in San Francisco Bay

Nitrification rates in San Francisco Bay were strongly influ-
enced by ammonium concentrations (Table 1), which
exceeded 5 μM at most stations (Supp. Table 1). San
Francisco Bay receives ammonium from a myriad of sources,
with high ammonium in the Sacramento River and North Bay
primarily due to the discharge of treated wastewater from the
Sacramento Regional Wastewater Treatment Plant (Jassby
2008). Similarly, wastewater effluent from the San José-
Santa Clara Regional Wastewater facility may contribute to
elevated ammonium in South Bay, as a fraction of effluent
from this facility is ammonium (Yigzaw 2014). Both of these
regions could be conducive to hosting abundant nitrifying
microbial populations: in addition to constantly high ammo-
nium concentrations, South Bay has long water residence
times, and the lower Sacramento River is far enough down-
stream of the sewage outfall to allow for substantial popula-
tion growth by the time that the ammonium-rich water reaches
this point. It is worth noting that our Sacramento River station
had much lower ammonium concentrations than is typical of
sites further upstream (e.g., Parker et al. 2012); nitrification
rates at upstream sites with higher ammonium concentrations
remain unknown.

In addition to housing robust microbial communities (as
discussed above), estuary sediments are massive repositories
of ammonium, as limitation of available oxidants allows am-
monium and other reduced ions to accumulate in anoxic sed-
iment layers (Jørgensen et al. 1990). Multiple studies have
documented porewater ammonium concentrations in San
Francisco Bay sediments exceeding 100 μM near the
sediment-water interface (Hammond et al. 1985; Rivera-
Duarte and Flegal 1994; Caffrey 1995). As surface sediments
are resuspended, this porewater ammonium may be liberated
into the water column. Additionally, there could also be am-
monium desorbing from the resuspended particles them-
selves: due to their positive charge, ammonium ions can be
adsorbed to negatively charged sites on sediment particles, but
as sediments are resuspended into the water column, ionic
interactions promote desorption of ammonium. Desorption
can lead to a rapid ammonium pulse into the water and can
be capable of contributing as much ammonium to the water
column as diffusive sediment-water efflux (Simon 1989;
Morin and Morse 1999; Fitzsimons et al. 2006). For example,
recent data from the Great Bay Estuary (New Hampshire,
USA) showed increases in ammonium concentrations in bot-
tom waters during periods of high bed shear stress, exceeding
concentrations expected from porewater resuspension alone
(Percuoco et al. 2015; Wengrove et al. 2015). Our data did
not show a correlation between SPM and ammonium
(Spearman’s ρ=0.169, p=0.348). However, if increased am-
monium availability stimulates bottom water nitrification or
other ammonium-consuming processes, liberated ammonium
may be oxidized or assimilated rapidly enough to obscure the
relationship between ammonium and SPM.

Context of Nitrification in San Francisco Bay

Nitrification rates in San Francisco Bay waters showed a fairly
wide range, including many measurements greater than
50 nM day−1, which is typical open marine waters (e.g.,
Ward et al. 1982; Dore and Karl 1996; Newell et al. 2013)
and comparable to higher rates occasionally reported from the
lower euphotic zone or oxic/anoxic transition layers in the sea
(Beman et al. 2008; Lam et al. 2009; Santoro et al. 2010;
Smith et al. 2015). However, while this study focused on the
spatial characterization of nitrification in San Francisco Bay,
samples were only collected during the fall and winter of
1 year, and many stations were only sampled once. Thus, there
may be temporal variability in nitrification rates within each
region of this ecosystem that we were unable to capture with
our current sampling effort.

To further understand nitrification in San Francisco Bay as
compared to other estuaries, we compiled pelagic nitrification
rates from the estuarine literature (Table 2). A wide range of
methods have historically been used tomeasure nitrification in
estuary waters, and rates measured using disparate techniques
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may not always be directly comparable. In particular, many
previous studies estimated nitrification rates indirectly by
measuring dark carbon fixation in parallel incubations with
and without nitrification inhibitors, typically either 2-chloro-
6-trichloromethyl pyridine (BN-serve^) or allylthiourea (ATU;
Table 2). While these measurements provide an estimate of
active nitrifier growth, they may not be directly comparable to
rates measured using 15N tracers, for numerous reasons. First,
the ratio of ammonia oxidized to carbon fixed can vary sub-
stantially in both laboratory cultures and environmental pop-
ulations of ammonia oxidizers (Andersson et al. 2006).
Second, carbon-based methods assume that all nitrifiers in
an incubation grow autotrophically, but it is still debated
whether some ammonia oxidizers (including some commonly
found in estuaries) can grow mixotrophically (Ouverney and
Fuhrman 2000; Hallam et al. 2006; Tourna et al. 2011).
Finally, nitrification inhibitors used with this method were
mostly chosen based on their effects on cultured AOB or soil
nitrification rates (Lees 1952; Goring 1962; Ginestet et al.
1998), but their inhibition efficiency on ammonia-oxidizing
archaea or naturally occurring populations of largely unculti-
vated organisms is not always clear (Hatzenpichler et al. 2008;
Santoro et al. 2010; Jäntti et al. 2013). For these reasons, the
following discussion avoids quantitative comparison between
studies using dark carbon fixation and those using 15N to
measure nitrification rates, though both methods are useful
ways to compare qualitative trends in nitrification within or
between estuaries. We assume that both methods are compa-
rable for large differences in rates (i.e., different orders of
magnitude).

Nitrification in most estuaries is higher than in typical ma-
rine waters (Table 2), suggesting that estuary waters may be
nitrification Bhotspots,^ at least compared to most regions of
the ocean. However, there is significant variability in the max-
imum nitrification rate between estuaries. Along with the data
from San Francisco Bay reported here, rates measured in nu-
merous estuaries (including Hood Canal, Sapelo Island, and
the Baltic Sea) were greater than 50 nM day−1 but did not
exceed 1000 nM day−1, while those from other estuaries (the
Scheldt estuary, Narragansett Bay, and Chesapeake Bay) were
orders of magnitude higher (Table 2), with many reported
rates exceeding 10,000 nM day−1. Estuaries are notoriously
complex ecosystems, so the documented variability between
ecosystems is not surprising but warrants further investiga-
tion. The following discussion reflects on comparisons of ni-
trification rates between estuaries in relation to nutrients,
SPM, and temperature, as these parameters have significant
effects on nitrification in San Francisco Bay (Table 1). Other
environmental factors are undoubtedly important in shaping
estuarine nitrification rates: for example, pH and primary pro-
ductivity are major factors affecting nitrification rates in estu-
arine and coastal ecosystems (Fulweiler et al. 2011; Smith
et al. 2014a). Unfortunately, the paucity of studies measuring

these parameters alongside nitrification rates in estuary waters
precluded their inclusion.

Nitrification in Eutrophic Versus Oligotrophic Estuaries

Inmany eutrophic estuaries, nitrification was highest in waters
with high ammonium concentration.Many estuaries receiving
ammonium-rich wastewater effluent had high nitrification
rates downstream of inputs (e.g., Somville 1984; Lipschultz
et al. 1986; Iriarte et al. 1996; Brion et al. 2000), though there
was often a separation between ammonium and nitrification
maxima (e.g., Somville 1978; Brion et al. 2000). This gap is
likely due to the time needed for the nitrifying populations to
grow to a high density or, in some systems, to ventilate anoxic
waters. Our data showing higher nitrification rates in South
San Francisco Bay and the Sacramento River (Fig. 4) also
match this pattern (see BNitrification and Ammonium in San
Francisco Bay^ section). Comparison between estuaries
shows that nitrification rates often reflect the ammonium load-
ing of an ecosystem, as many of the highest nitrification rates
were from estuaries with abundant ammonium (often exceed-
ing 100 μM), while lower rates (<1000 nM day−1) were re-
ported in ecosystems with lower ammonium concentrations
(Table 2). In this regard, the Scheldt estuary presents a unique
case in studying nitrification in eutrophic estuary waters, as
nitrification has been studied here for decades (Table 2) while
nutrient inputs into the estuary have decreased significantly
due to increased regulation (Soetaert et al. 2006). Even despite
seasonal biases in sample collection, the unique data set from
the Scheldt shows a clear trend of declining nitrification rates
in recent years, concurrent with reduced ammonium concen-
trations (Table 2). Judging by the data from the Scheldt, nitri-
fication rates in other estuaries with high ammonium loading
may decrease if ammonium inputs are lessened.

While many sites with high nitrification rates had high
ammonium concentrations, high rates (over 1000 nM day−1)
have also been reported in numerous lower-ammonium river
plume or coastal shelf ecosystems (the West Florida Shelf, the
coastal North Sea, and the Chang Jiang, Mississippi, and
Rhône River plumes; Table 2). Over the West Florida Shelf,
nitrogen mineralization and uptake were also high in the es-
tuarine waters with highest nitrification rates (Tampa Bay and
Charlotte Harbor), suggesting a link between nitrification and
rapid ammonium cycling in highly productive surface waters
(Bronk et al. 2014). The Mississippi and Chang Jiang plumes
also had high nitrification rates and low ammonium concen-
trations (Pakulski et al. 1995, 2000; Carini et al. 2010; Hsiao
et al. 2014; Bristow et al. 2015), while the Rhône plume had
high nitrification rates in the ammonium-rich inner waters
closest to the river (Feliatra and Bianchi 1993; Bianchi et al.
1994, 1999). Ammonium production can also be elevated in
turbid river plumes (Pakulski et al. 1995, 2000), suggesting
that high nitrification rates in these waters could be fed by high
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ammonium production rates. In waters with strongly coupled
ammonium production and oxidation, ammonia-oxidizingmi-
crobes may be adapted to rapidly scavenge and oxidize am-
monium as it becomes available, leading to high nitrification
rates but little ammonium buildup. Along these lines, recent
evidence from Hood Canal showed that the Michaelis con-
stant (Km) of nitrification was less that 0.1 μM NH4

+ (Horak
et al. 2013), suggesting that the ammonia-oxidizing commu-
nity here can respond to low ammonium concentrations. Tight
coupling between ammonium production and oxidation may
complicate efforts to compare ammonium concentration and
nitrification between estuaries.

Additionally, there may be salinity-induced dynamics in
nitrifying populations preventing rapid utilization of ammoni-
um in low-salinity zones. Microbial population abundance in
San Francisco Bay waters decreases in low-salinity mixing
zones compared to freshwater regions (Hollibaugh and
Wong 1999). Therefore, nitrifying populations in freshwater
likely also decrease in abundance between the rivers into the
upper estuary. Due to the relatively slow growth rates of nitri-
fiers (e.g., Santoro and Casciotti 2011; Mosier et al. 2012), it
may take low-salinity communities on the order of days to
grow to substantial population sizes, but by this point (de-
pending on freshwater flow and circulation), mixing-induced
salinity changes may favor a more halotolerant community.
Thus, constant estuarine mixing patterns may continually di-
lute slow-growing nitrifying populations as water travels sea-
ward, keeping their activity relatively low until they reach a
body of water with a long enough residence time at a single
salinity to grow to a substantial population size. Similarly,
marine nitrifiers (typically adapted to high salinity, low-
ammonium environments) advected into the estuary may not
be present at large enough population sizes and may face
similar salinity stress and thus be unable to rapidly oxidize
available ammonium. Clearly, relationships between the pop-
ulation structure of nitrifying microbes, nitrification rates, and
environmental parameters (including water residence time)
are needed to clarify how these populations respond to envi-
ronmental changes across the mixing gradients of the
estuaries.

In theory, because nitrification produces nitrite and nitrate,
nitrification rates should be correlated with their concentra-
tions, but the studies summarized in Table 2 suggest that this
is rarely the case. Nitrate dynamics in estuaries differ signifi-
cantly between systems, with nearly conservative mixing in
some estuaries and rapid nitrate uptake and turnover in others
(Middelburg and Nieuwenhuize 2001; Wilkerson et al. 2006).
Nitrite is rapidly oxidized or assimilated in estuaries and ma-
rine waters (McCarthy et al. 1984; Horrigan et al. 1990) and is
therefore a very short-lived species, masking potential corre-
lations between nitrite production and concentration.
Therefore, while correlations between nitrification rates and
nitrate or nitrite are occasionally documented (Table 2), rapid

cycling by processes other than ammonia oxidation or mixing
between water masses often obscures these relationships.

Nitrification in Turbid and Warm Estuary Waters

The strongest correlation with San Francisco Bay nitrification
rates was SPM (Table 1), and nitrification in numerous other
estuaries peaked in turbid, low-salinity waters near the ben-
thos (Owens 1986; Berounsky and Nixon 1993; Iriarte et al.
1996; Brion et al. 2000; de Wilde and de Bie 2000; Pakulski
et al. 2000; Hsiao et al. 2014). ETMs are often hotspots for
heterotrophic activity and biogeochemical cycling (Goosen et
al. 1999; Lee et al. 2012), and our rates add to the wealth of
data showing enhanced nitrification in these regions. These
include estuaries with ETMs in low-salinity regions (the
Scheldt, Seine, and Tamar) as well as river plumes, which
typically contain abundant allochthonous sediment (Benner
and Opsahl 2001).While this correlation is strongly supported
across diverse estuaries and has been documented for decades
(e.g., Owens 1986; Feliatra and Bianchi 1993; Brion et al.
2000), further research is needed to clarify the mechanistic
contributions of factors such as resuspension of microbes,
ammonium desorption, and porewater ammonium resuspen-
sion in different ecosystems (see BNitrification and SPM in
San Francisco Bay^ section). In addition to SPM and ammo-
nium, temperature had a significant positive effect on nitrifi-
cation rates in San Francisco Bay (Table 1), though the lack of
data from spring and summer precludes a thorough analysis of
seasonal aspects of nitrification in this system. Temperature
was also positively correlated with nitrification rates in many
estuaries (Table 2). Contrasting patterns between estuaries,
however, suggest that nitrifying communities in various eco-
systems respond to temperature differently (Table 2): in some
regions, activity was highest in summer (Berounsky and
Nixon 1990; Iriarte et al. 1998; Hollibaugh et al. 2014; Tolar
2014), while other regions had nitrification rates that peaked
in winter (Baer et al. 2014) or were unresponsive to tempera-
ture (Horak et al. 2013). Therefore, a cross-system under-
standing of the effects of temperature on estuarine nitrification
rates remains elusive.

Potential Dark Bottle Bias of Nitrification Measurements

A potentially important driver of nitrification in any pelagic
ecosystem is light. For example, nitrification rates in the upper
ocean and typically low in surface waters but increase at the
base of the photic zone (Ward et al. 1982; Dore and Karl 1996;
Santoro et al. 2010). Some studies suggest direct physiologi-
cal inhibition of ammonia oxidizers by light (Horrigan and
Springer 1990;Merbt et al. 2012), while others implicate com-
petition between phytoplankton and ammonia oxidizers for
available ammonium (Smith et al. 2014a). Because incubating
water in dark bottles avoids any direct inhibitory effects on
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ammonia oxidizers and inhibits photosynthetic ammonium
uptake, nitrification rates from relatively clear surface waters
measured in dark bottles may be overestimates of in situ rates.

Irrespective of its ultimate cause, light inhibition of nitrifi-
cation should be minimal in relatively turbid, well-mixed es-
tuaries such as San Francisco Bay. Photic zones in these sys-
tems are typically shallow, encompassing only a fraction of
the total water column depth; indeed, low light availability in
San Francisco Bay is commonly thought to limit phytoplank-
ton growth (Alpine and Cloern 1988). Conversely, these con-
ditions should minimize light inhibition of nitrification, as ni-
trifying populations in surface waters are rapidly mixed below
the photic zone. Photic zone depth (ZP) can be calculated as
ZP=4.61/kd, assuming that the depth of the photic zone ex-
tends from the surface to the depth of 1 % light penetration
(Cloern 1987). Unfortunately, light attenuation (kd) was not
measured for many of our samples, including all samples from
South Bay. For the data that we did collect, average ZP for
Central Bay stations was 6.85±1.50 m (n=7), while the lone
stations from North Bay and the Sacramento River with light
attenuation data had ZP equal to 4.27 and 4.35 m, respectively.
Therefore, our nitrification measurements may be slight over-
estimates in Central Bay surface waters, which are relatively
clear compared to the rest of the bay, and in shoal stations,
where the ZP is a larger fraction of total water column depth.
However, data from this study does not yet allow for an esti-
mate of the magnitude of this bias in San Francisco Bay, as
most of our sampled stations were in the estuary channel.

Rate Calculation Assumptions

One of the unknowns in our nitrification calculations is the
initial isotopic value of ammonium (δ15NNH4). Assuming that
all δ15NNH4 for our samples would have been positive, our
assumption of δ15NNH4 values equal to 0‰ would tend to
underestimate AF15N-NOxi, the initial (in situ) atom fraction
15N of ammonium (Eq. 4), overestimating the actual nitrifica-
tion rate (see Eq. 3). Examples of high δ15NNH4 enrichment
(sometimes greater than 30‰) have been reported from hy-
drodynamically simple estuaries with large point sources of
ammonium (Mariotti et al. 1984; Cifuentes et al. 1989;
Velinsky et al. 1989; Middelburg and Nieuwenhuize 2001;
Sebilo et al. 2006). However, preliminary data from San
Francisco Bay indicate a surface water δ15NNH4 range of 6.8
to 17.8‰ between stations USGS-6 and USGS-657 from
April 2011 to October 2014 (n=70; Carol Kendall et al., per-
sonal communication). Altering the initial δ15NNH4 value in
our nitrification rate calculations from 0‰ to the preliminary
maximum of 17.8‰ only decreased our calculated rates by
0 .0004 to 0 .0249 nM day− 1 ( ave r age = 0 .0038
±0.0045 nM day−1). Even assuming an extreme δ15NNH4 val-
ue of 50‰, calculated rates decreased by only 0.0012 to
0.0698 nM day−1. Therefore, while our assumption of

δ15NNH4 equal to 0‰ slightly overestimated our nitrification
rate calculations, this bias is not large enough to significantly
affect our results.

Ammonia-Oxidizing Microorganisms in Estuary Water
Columns Remain Understudied

Relatively few studies have documented the abundance or
diversity of ammonia-oxidizing microbes in estuary waters:
ammonia-oxidizing populations of the ocean, soils, and estu-
ary sediments have been relatively well characterized (Francis
et al. 2005; Nicol et al. 2011), but only a handful of studies
have documented these communities in estuary waters, partic-
ularly since the discovery of AOA (Bouskill et al. 2012;
Hollibaugh et al. 2014; Zhang et al. 2014). Previous work
has documented abundant and diverse populations of both
AOA and AOB in San Francisco Bay sediments (Francis et
al. 2005; Mosier and Francis 2008; Damashek et al. 2015), but
nothing is known about the abundance, diversity, or activity of
nitrifying microbes in its waters. The wide range of nitrifica-
tion rates reported in this study reinforces the need to examine
ammonia and nitrite oxidizers in estuary waters and to com-
pare their population structure with biogeochemical rates.
This lack of knowledge is a clear gap in our understanding
of nitrification both in San Francisco Bay and in estuaries
worldwide.

Conclusions

This study highlights the significance of pelagic nitrification
in estuary waters and its contribution to nitrogen cycling at the
land-sea interface. The range of nitrification rates in San
Francisco Bay spanned two orders of magnitude, and many
samples had rates significantly higher than those typical of
seawater. Overall, ammonium, SPM, and temperature were
positively correlated with nitrification rates, with a particularly
strong relationship between nitrification and SPM, suggesting
that turbid estuary waters may be particularly important sites
for N cycling. Comparison with data from other estuaries also
highlights the importance of SPM and ammonium in driving
nitrification rates in many ecosystems, though a diverse array
of other factors can have effects on estuarine biogeochemistry,
as well. Nitrification in San Francisco Bay, while higher than
typical marine rates, appears comparable or lower than rates
from other estuarine and coastal ecosystems. This work defin-
itively highlights pelagic nitrification as an important part of
the N cycle throughout San Francisco Bay.
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