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Abstract
Mid-summer peaks in the abundance of Thaumarchaeota and nitrite concentration observed on the Georgia, USA, coast
could result from in situ activity or advection of populations from another source. We collected data on the distribution of
Thaumarchaeota, ammonia-oxidizing betaproteobacteria (AOB), Nitrospina, environmental variables and rates of ammonia
oxidation during six cruises in the South Atlantic Bight (SAB) from April to November 2014. These data were used to
examine seasonality of nitrification in offshore waters and to test the hypothesis that the bloom was localized to inshore
waters. The abundance of Thaumarchaeota marker genes (16S rRNA and amoA) increased at inshore and nearshore stations
starting in July and peaked in August at>107 copies L−1. The bloom did not extend onto the mid-shelf, where
Thaumarchaeota genes ranged from 103 to 105 copies L−1. Ammonia oxidation rates (AO) were highest at inshore stations
during summer (to 840 nmol L−1 d−1) and were always at the limit of detection at mid-shelf stations. Nitrite concentrations
were correlated with AO (R= 0.94) and were never elevated at mid-shelf stations. Gene sequences from samples collected at
mid-shelf stations generated using Archaea 16S rRNA primers were dominated by Euryarchaeota; sequences from inshore
and nearshore stations were dominated by Thaumarchaeota. Thaumarchaeota were also abundant at depth at the shelf-break;
however, this population was phylogenetically distinct from the inshore/nearshore population. Our analysis shows that the
bloom is confined to inshore waters during summer and suggests that Thaumarchaeota distributions in the SAB are
controlled primarily by photoinhibition and secondarily by water temperature.

Introduction

Studies of seasonal variation in bacterioplankton metatran-
scriptomes [1, 2] revealed that Thaumarchaeota were

abundant in Georgia coastal waters during mid-summer.
Thaumarchaeota 16S rRNA genes (rrs) and Archaea
ammonia monooxygenase genes (amoA) were detected at
>107 copies L−1 in August during quarterly sampling from
the ferry dock at Marsh Landing, Sapelo Island, Georgia [3,
4]. These peaks coincided with a mid-summer peak in
nitrite concentration [4, 5]. Nitrite is an intermediate in the
geochemical process of nitrification, produced by the oxi-
dation of ammonia and removed by oxidation to nitrate [6,
7]. Members of the Archaea (Thaumarchaeota, ammonia-
oxidizing archaea or AOA) and Bacteria (Beta- and
Gamma-proteobacteria) are known to oxidize ammonia,
whereas nitrite is oxidized by several groups of Bacteria [8].
Recently, members of the genus Nitrospira have been
identified that can perform both steps of nitrification
(complete ammonia oxidation (AO) or comammox; [9,
10]); however, marker genes from organisms capable of
comammox have not been detected in the marine
environment.

Because our previous studies focused on one location in
a dynamic coastal environment, they could not distinguish
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between in situ growth of the Thaumarchaeota population
there vs. local population dynamics coupled to broader scale
circulation patterns that could include advection or mixing
from a population outside the immediate study area. The
Marsh Landing sampling site is at the mouth of the Duplin
River, a tidal creek draining ~ 1200 ha of salt marsh inshore
of Sapelo Island. The station is located adjacent to, and
exchanges water with, Doboy Sound and thence the South
Atlantic Bight (SAB) on every tidal cycle. The SAB is

characterized by a broad, shallow (<50 m) continental shelf
that extends ~ 1000 km along the southeast coast of the
United States, from approximately West Palm Beach FL to
Cape Hatteras NC, and 130 km across the shelf at its apex at
Savannah, GA, USA. Water properties in the nearshore
zone of the SAB are influenced by river flow and tidal
exchange with extensive salt marshes and estuaries. Near-
shore (z< 15 m) flow in the SAB trends from north to
south, while shelf-break and slope waters (z> 50 m) are

Fig. 1 Location of South Atlantic Bight stations sampled for this
study. The area shown in light gray in each panel is above sea level,
the darker gray is below sea level (depth indicated by isobaths) and the

blue line separates the mainland from salt marsh and barrier islands.
Sampling dates are: 2–6 April, 15–18 May, 15–19 July, 4–7 August,
23–30 September, and 3–7 November
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influenced by the Gulf Stream, flowing south to north [11].
The water column over the continental shelf is well-mixed
by tidal currents (semidiurnal, 2–3 m tidal amplitude at the
apex of the SAB), but is stratified over deeper water at the
shelf-break, with a thermocline between 50 and 100 m [11].

We extended our survey of Thaumarchaeota populations
to continental shelf and shelf-break waters of the SAB to
evaluate the areal extent of the bloom and to detect source
populations, if any, that might influence population
dynamics at our primary study site. We sampled at
approximately monthly intervals from April to November,
2014, to determine whether the seasonal dynamics of
Thaumarchaeota populations in the SAB reflected, or drove,
the dynamics we recorded at Marsh Landing. Although
covariance of nitrite concentrations and Thaumarchaeota
abundance at Marsh Landing strongly suggested that this
population oxidizes ammonia, Hollibaugh et al. [4] did not
measure AO rates. Thus, we measured AO using 15N-
labeled ammonium, with the goal of assessing the magni-
tude of rates and determining whether rates covaried with
the distribution of Thaumarchaeota. In addition to recording
Thaumarchaeota abundance, we also determined the abun-
dance of amoA genes from ammonia-oxidizing betapro-
teobacteria (AOB) to evaluate their distribution relative to
AOA and AO. Finally, we measured the abundance of 16S
rRNA genes (rrs) from Nitrospina, an important member of
the guild of marine nitrite-oxidizing bacteria (NOB; [12–
15]), to evaluate coupling between ammonia- and nitrite
oxidation in these waters.

Methods

Sampling Site

Samples were collected on six cruises of the R/V Savannah
across the SAB in April, May, July, August, September, and
November of 2014 (See Supplemental Methods for details).
Stations occupied on each cruise are shown in Fig. 1.
Surface and bottom water samples were collected at all
continental shelf stations. We collected samples at depths of
10, 75 or 100, 200, and 350 or 400 m at shelf-break stations.
Samples were collected using 12 L Niskin bottles mounted
on a rosette frame equipped with a Sea-Bird SBE 25 CTD.
Profiles of environmental variables: conductivity (C, S/m),
temperature (T, oC), salinity (S, PSU), dissolved oxygen
(DO, mL L−1, SBE43), relative fluorescence (WetLabs
WetStar fluorometer, calibrated to extracted chlorophyll, μg
L−1), photosynthetically active radiation (PAR, μmoles of
photons m−2 s−1, Li-Cor 2π sensor, 400–700 nmol L−1) and
turbidity assessed as optical backscatter (OBS, Wetlabs BB,
600 nmol L−1, arbitrary units) were taken during hydrocasts
by sensors integrated into the CTD package. Note that the

OBS sensor saturated at some of the turbid inshore stations
(OBS > 18.5). DNA was collected by filtering ~ 1 L of
water from each station and depth sampled through 0.22 µm
pore size Durapore filters (EMD Millipore). The filters were
placed in Whirl-Pak bags, 2 mL of lysis buffer (0.75 mol L
−1 sucrose, 40 mmol L−1 EDTA, 50 mmol L−1 Tris; pH 8.3)
was added, and the filters were frozen on dry ice and stored
at −80 °C until they were processed as described previously
[16].

Approximately 100 mL of the filtrate was frozen at −20 °
C for analysis of nitrate, nitrite, ammonium, and urea.
Nitrate plus nitrite (NOx) was determined by reducing
nitrate (NO3

−) to nitrite (NO2
−) with cadmium [17]. Nitrite

was determined following Strickland and Parsons [18].
Nitrate was calculated as the difference between NOx and
NO2

− with negative values, reflecting loss of NO2
− during

cadmium reduction [18], assumed to be 0. Ammonium was
measured using a fluorometric method described in Holmes
et al. [19]. Urea was measured following Mulvenna and
Savidge [20] and Revilla et al. [21]. Samples (~ 1 L) for
chlorophyll analysis were collected on 47 mm diameter
Whatman GF/C glass fiber filters. Chlorophyll a was
extracted from the filters into 90% acetone and measured
spectrophotometrically as described in Strickland and Par-
sons [18].

Quantitative PCR

Quantitative PCR (qPCR) was performed as described
previously [16] using the primers and probes given in Table
S1. Note that Archaea amoA was quantified using the
Wuchter et al. [22] primer set, which is biased against amoA
genes from the deep-water clade of AOA [16, 23] that we
encountered at shelf-break stations. Gene abundance
(copies L−1) was calculated as described in Kalanetra et al.
[24]. Additional details are provided in Supplemental
Materials.

Phylogenetic analysis

DNA was collected on the July cruise from surface water
samples taken at inshore (SAPES, DOBES, and ALTES),
nearshore (C1), and mid-shelf (C7) samples; and from
samples taken at 10 and 200 m at a shelf-break station
(C17). Archaea rrs (~ 900 bp) and amoA (~ 635 bp) frag-
ments were amplified from these samples using primers
listed in Table S1. Amplicons were then cloned and
sequenced as described previously [16, 24].

Operational taxonomic units (OTUs) were defined with
identity cutoffs of 99% for Thaumarchaeota rrs, 98% for
Archaea amoA and 97% for Euryarchaeota rrs and were
determined from the similarity matrix for the final, edited
nucleotide alignments. Phylogenetic trees of Archaea amoA,
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Thaumarchaeota rrs and Euryarchaeota rrs were con-
structed using MR BAYES [25] implemented in Geneious
10.1.3 [26].

AO rates

AO rates were measured in samples contained in 50 mL
polypropylene tubes by adding 15N-labeled ammonium
(>99 atom-percent 15NH4Cl; Cambridge Isotope Labora-
tories, Tewksbury, MA, USA) to a final concentration of 50
nM. Tubes were wrapped in aluminum foil and placed in a
flowing surface seawater bath on deck. This bath was up to
15 °C warmer than in situ temperatures at depth at shelf-
break stations, but was the same as bottom water tempera-
tures at all other stations (Data set S1). Incubations were
terminated after 24 h by freezing the whole tube at −20 °C.
Control tubes were frozen immediately after adding
15NH4Cl. The 15NOx produced was converted to 15N2O
using the “denitrifier method” [27] then processed as
described previously [28–30]. 15N2O concentrations and
δ15N were used to calculate AO rates with modified equa-
tions described previously [30–32]. Examination of the 15N
data from the August cruise suggested a methodological
error, leading us to discard it from further consideration.

Data archives

Nucleotide sequences representing OTUs have been sub-
mitted to NCBI Genbank under accession numbers
KX697614-KX697730. The environmental data included in
Data set S1, including metadata, have been archived with
BCO-DMO under project “GCE-LTER,” identifier “SAB
NITRO CRUISES 2014.”

Data analysis

The stations sampled were aggregated into four regions for
subsequent analysis: inshore, nearshore, mid-shelf, and
shelf-break; based on their locations and environmental
characteristics. Inshore stations were between the barrier
island complex and the mainland and have characteristics
similar to the Marsh Landing station. Nearshore stations are
outside the barrier island complex to depths of ~ 15 m.
Stations at the edge of the shelf-break (depth ≥ 50 m) can be
influenced by periodic intrusions of slope water; thus, they
are considered separately from mid-shelf stations in this
study (Fig. 1). Mid-shelf stations are between those defined
as nearshore and shelf-break (depths between ~ 15–50 m,
see Data set S1).

PAR attenuation coefficients were calculated from plots
of ln(PAR) vs. depth following Lin et al. [33] and Liu et al.
[34]. The OBS values reported are averages of 100 scans of
unbinned output from the sensor package on the downcast,

generally covering <2 m of the upper water column. Data
were curated manually to ensure that plots of ln(PAR) vs.
depth were linear and that OBS was constant through the
depth interval analyzed from a given profile.

Chlorophyll a concentrations were estimated from rela-
tive fluorescence measured by the fluorometer in the CTD
sensor package, calibrated against extracted chlorophyll.
We found a significant correlation between the relative
fluorescence signal and extracted chlorophyll a concentra-
tion (n= 280, R= 0.91, p< 0.05; data not shown).

Model II, major axis linear regressions [35] calculated
using R [36] were used to evaluate relationships between
pairs of variables. Confidence intervals for the slopes and
intercepts were computed from 999 bootstrap permutations.
Pearson’s product moment correlations were used to cal-
culate correlation coefficients (R) between pairs of vari-
ables. Variables were log-transformed as needed prior to
analysis.

Redundancy analysis (RDA) was performed with 999
Monte-Carlo permutations using the software package
CANOCO v4.5 [37] to determine the relationship between
the distribution of Thaumarchaeota marker genes and
environmental variables. One analysis (RDA-1) examined
the distribution of Thaumarchaeota marker genes in surface
waters (z< 50 m) on all cruises. A second (RDA-2) focused
on inshore stations where seasonal variation in the abun-
dance of Thaumarchaeota marker genes was greatest in the
SAB. A third (RDA-3) analyzed the onshore-offshore pat-
tern of spatial variation across the SAB. As the abundance
of Thaumarchaeota marker genes was uniformly low
throughout the study area in April, May, and November, we
restricted RDA-3 to data collected during the July, August,
and September cruises, as they represented the strongest
spatial gradients of Thaumarchaeota abundance in the study
area during the period of observation.

Results

Environmental conditions in SAB continental shelf
waters

The water column was well-mixed at inshore and con-
tinental shelf stations during the months sampled (Data set
S1). Temperature, salinity, DO, and relative fluorescence in
surface waters changed seasonally, while OBS and the PAR
attenuation coefficient did not (Fig. 2, Data set S1). Tem-
perature increased from April (16 °C) to August (30 °C),
and then decreased in fall (to 19 °C). Temperature was
uniform across inshore, nearshore, and mid-shelf stations
(Fig. 2a). Freshwater inflow from the Altamaha River
lowered salinity at inshore stations, especially during April
(to 23 PSU, Fig. 2b). The concentration of DO ranged from

1476 Q. Liu et al.



3 to 7 mL L−1 between April and November and
did not vary across the study area (Fig. 2c). Chlorophyll a
concentration calculated from relative fluorescence,
did not show a strong seasonal cycle but decreased
from inshore stations to the shelf-break (Fig. 2d and Data
set S1). The PAR attenuation coefficient and OBS covaried
(Pearson’s R= 0.91, p< 0.001, data not shown),
were highest at inshore stations, and did not change sea-
sonally (Fig. 2e, f).

Concentrations of NH4
+, NO2

−, and NO3
− were highest

at inshore stations and were much lower or undetectable in
surface waters further offshore. Ammonium concentration
at inshore stations averaged 2.1 μmol L−1 (range 0.2-6.2),
whereas at other stations it was<0.8 μmol L−1 (Fig. 3a,
Data set S1). Concentrations of NO2

− on the continental
shelf were low (mean< 0.3 μmol L−1, range 0–0.3), but
were higher at inshore stations from July to September
(mean> 0.9 μmol L−1; Fig. 3b, Data set S1). The con-
centration of NO3

− was highest on average at inshore sta-
tions (mean 1.61 μmol L−1, range 0.1–8.5); Fig. 3c, Data set

S1). The average concentration of urea was also highest at
inshore stations (mean 0.3 μmol L−1, range 0.07−0.64) and
ranged from 0 to 1.0 µmol L−1 in surface waters at all sta-
tions during all cruises (Fig. 3d, Data set S1).

Seasonal distributions of nitrifying organisms

The abundance of Thaumarchaeota marker genes was
similar in surface and bottom water samples taken at sta-
tions on the continental shelf (Data set S1). Abundances of
Thaumarchaeota rrs and Archaea amoA covaried during all
cruises (r2= 0.83, p< 0.0001; Fig. S1a). Thaumarchaeota
rrs and Archaea amoA genes were most abundant in inshore
waters (105–108 copies L−1) and decreased to the mid-shelf
(103–105 copies L−1). The abundances of both genes in
surface waters of shelf-break stations were similar to those
at mid-shelf stations except during April and November,
when Thaumarchaeota abundances in surface samples from
shelf-break stations were>105 copies L−1 (Fig. 4a, b;
Data set S1).

Fig. 2 Seasonal and spatial variability of: a temperature (°C), b salinity
(PSU), c dissolved oxygen concentration (mL L−1), d chlorophyll
from relative fluorescence (µg L−1), e PAR extinction coefficient (m
−1), and f the optical backscatter signal (OBS, relative units) in surface
waters (<50 m) of the South Atlantic Bight. The data were aggregated
into inshore (solid line, X), nearshore (long dash, triangle), mid-shelf

(medium dash, circle), and shelf regions (short dash, square) based on
location, water column depth, and optical properties. The graph dis-
plays mean and standard error of all measurements made in samples
taken in a given region on each cruise. The full data set is presented in
Data set S1
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Seasonal patterns of Thaumarchaeota abundance differed
among inshore, nearshore, mid-shelf, and shelf-break sta-
tions (Fig. 4a, b). Thaumarchaeota populations at inshore
and nearshore stations increased >100-fold from April to
August or September, then decreased in November (Fig. 4a,
b; Data set S1). Thaumarchaeota abundances at mid-shelf
stations varied ≤10-fold over the period of observation and
did not show a strong seasonal signal (Fig. 4a, b; Data set
S1). The abundance of Thaumarchaeota rrs and AOA amoA
in surface waters at shelf-break stations decreased 100-fold
from April to July, then increased in November (Fig. 4a, b;
Data set S1).

The abundances of Betaproteobacteria amoA and
Nitrospina sp. rrs genes ranged from 102 to 105 copies L−1

and 104 to 106 copies L−1, respectively; decreasing from
inshore to shelf-break surface waters (Fig. 4c, d). They did
not show a strong seasonal pattern of variation in abundance
(<1 order of magnitude; Fig. 4c, d, Data set S1). The
abundance of Betaproteobacteria amoA was only 0.1–10%
of Archaea amoA at inshore stations during summer (Data
set S1). Nitrospina rrs gene abundance was significantly,
but weakly correlated with Thaumarchaeota rrs gene

abundance across all samples collected (r2= 0.1, slope=
0.004, p< 0.0001; Fig. S1b).

Vertical distribution of Thaumarchaeota at shelf-
break stations

The water column was stratified at shelf-break stations, with
the deepest surface mixed layer (~ 100 m) encountered
during November (Fig. S2). Relative fluorescence displayed
a pronounced subsurface maximum at ~ 100 m (Fig. S2).
DO decreased below the surface mixed layer to <3 mL L−1

(Fig. S2). Nitrite concentrations were low in surface waters
( ≤ 0.2 μmol L−1) but peaked at ~ 100 m, coinciding with
subsurface maxima in the abundance of Thaumarchaeota
marker genes, AO rates and chlorophyll fluorescence (Fig.
S2, Data set S1).

AO rates in the SAB

AO rates were greatest at inshore stations, similar to the
distribution of Archaea amoA genes (Table 1). The max-
imum AO rate, 840 nmol L−1 d−1, was measured in bottom

Fig. 3 Seasonal and spatial
variability of the concentrations
(μmol L−1) of a ammonium, b
nitrite, c nitrate, and d urea;
symbols as in Fig. 2
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water at inshore station ALTES during September (Data set
S1). AO rates at inshore stations were lowest in November
(2.7 ± 1.1 nmol L−1 d−1; Table 1 and Data set S1). AO rates
were extremely low (≤0.3 nmol L−1 d−1) at all nearshore
and mid-shelf stations, except in September at nearshore
stations A1 (surface: 104 nmol L−1 d−1, bottom: 132 nmol
L−1 d−1) and C1 (bottom: 4.9 nmol L−1 d−1), which were
comparable to AO rates measured at adjacent inshore sta-
tions (Data set S1). Maximum AO rates at shelf-break sta-
tions were detected at depth and coincided with maxima in
Thaumarchaeota abundance (Data set S1).

Nitrite concentration correlated strongly with AO rates in
the SAB, either considering all samples or only inshore
samples (Table S2). AO rates covaried with abundances of
Thaumarchaeota rrs, Betaproteobacteria amoA and [NH4

+]

in all samples (Table S2). AO rates were not significantly
correlated with Thaumarchaeota amoA abundance because
the primers we used underestimate Thaumarchaeota amoA
abundance in the deep-water populations of Thaumarch-
aeota we found at the shelf-break.

Phylogenetic composition of Archaea populations in
the SAB

We retrieved a total of 253 Archaea amoA gene sequences
in seven libraries of cloned amplicons from water samples
collected on the July cruise. Each of these libraries con-
tained from 8 to 27 OTUs, defined at 98% nucleotide
identity, with a total of 89 OTUs recovered (Table S3).
Twenty OTUs were shared among all stations.

The diversity and richness of Archaea amoA sequences
were highest at inshore stations DOBES and ALTES, and at
200 m at the shelf-break station (Table S3). Most of the
Archaea amoA gene sequences from inshore (SAPES, 91%;
DOBES, 78%; ALTES, 81%) and nearshore (C1, 71%)
stations fell into the ‘coastal water/sediment’ clade [38],
with most sequences from SAPES (71%) and C1 (42%)
closely related to ‘Candidatus Nitrosopumilus maritimus’
strain SCM1 (>98% identity; Fig. S3). Eighty-six percent of
the sequences from mid-shelf Station C7 and 61% of the
sequences from 10 m at the shelf-break fell into the WCA
(Water column clade A, a shallow water, marine ecotype;
[38]); along with 29% of the sequences retrieved from
Station C1 and 22% of the sequences retrieved from
DOBES. Eighty nine percent of the OTUs recovered from
200 m at Station C17 were unique to that depth and 18 of 27
OTUs, ~ 65% of the sequences recovered from that library,
fell into WCB (Water Column clade B, [38]), a deep water,
marine ecotype (Fig. S3). Three OTUs recovered from 10 m
at Station C17 and 1 OTU from Station C7 also fell into
WCB. The remaining OTUs recovered from 200 m at Sta-
tion C17 fell into WCA (Fig. S3), along with three OTUs
from 10 m at Station C17. Two OTUs from Station ALTES
clustered with the soil clade.

Approximately 80% of the Archaea rrs sequences
retrieved from 200 m at shelf-break station C17 were from
Thaumarchaeota and 90% of these, and both Thaumarch-
aeota sequences recovered from 10 m at this station,
grouped with reference sequences from deep water (Fig.
S4). Only two of the sequences recovered from the shelf-
break clustered with the open ocean, surface water isolate
‘Ca. Nitrosopelagicus brevis’ strain CN25 [39] at >93%
identity (Fig. S4). Most of the Thaumarchaeota rrs
sequences retrieved from inshore or nearshore stations were
closely related (>98% identity) to ‘Ca. N. maritimus’ strain
SCM1 and to newly isolated Thaumarchaeota strains from
Puget Sound (‘Ca. Nitrosopumilus sp.’ strains PS0 and
HCA1; [40]) and the northern Adriatic Sea (‘Ca.

Fig. 4 Seasonal and spatial distributions of: a Archaea amoA (106

copies L−1), b Thaumarchaeota rrs (106 copies L−1), c) Betaproteo-
bacteria amoA (103 copies L−1), and d Nitrospina sp. rrs genes (106

copies L−1), symbols as in Fig. 2
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Nitrosopumilus piranensis’ strain D3C and ‘Ca. Nitrosopu-
milus adriaticus’ strain NF5; [41]; Fig. S4).

Clone libraries of Archaea rrs genes were dominated by
Euryarchaeota (67.6% of all sequences retrieved, Table S3),
especially in samples from offshore stations (93%). Most of
these grouped with Marine Group II Archaea ([42, 43]; Fig.
S5). Thaumarchaeota rrs sequences retrieved from inshore
stations were most similar to members of the Nitrosopu-
milaceae, including sequences retrieved previously from
Marsh Landing [3], whereas rrs sequences retrieved from
shelf-break samples were most similar to sequences from
other open ocean and deep-water samples. This split in
phylogenetic composition of populations of Thaumarch-
aeota rrs genes parallels that of the amoA sequences we
retrieved from the same samples.

Relationship of Thaumarchaeota distributions to
environmental factors

The first two axes of RDA-1, which evaluated the rela-
tionship between abundances of Thaumarchaeota marker
genes and environmental variables in surface water samples
(z< 50 m) taken during all cruises, explained 67.2% of total
variation, of which 66.7% was explained by Axis 1 (Table
S4). The biplot of RDA-1 (Fig. 5a) shows that OBS, tem-
perature, Bacteria rrs gene abundance, and DO (in order of
decreasing importance) contributed significantly (p< 0.05)
to explaining the variance in Thaumarchaeota gene abun-
dances (Fig. 5a and Table S4). OBS explained 54% of the
variance in Thaumarchaeota gene abundances in this ana-
lysis, while temperature explained 7% (Table S4). Tem-
perature explained 33% of a total of 63% of the seasonal
variation in Thaumarchaeota gene abundance at inshore
stations explained by the first two axes of RDA-2. OBS
explained an additional 12% of the variance in this analysis
(Fig. 5b, Table S4). OBS explained most of the spatial
variation (the onshore-offshore gradient) of Thaumarch-
aeota gene abundances during the summer (69% of a total
of 80.1% of the variance explained by the first two axes of
RDA-3; Fig. 5c, Table S4). Although the PAR attenuation
coefficient (kz) covaried with OBS (Pearson’s R= 0.89, p<

0.001), it did not contribute significantly to any of the RDA
analyses (p> 0.1; Table S4). Bacterial rrs gene abundance,
temperature, DO, urea concentration, and relative fluores-
cence also contributed significantly to explaining seasonal
variation in Thaumarchaeota abundance at inshore stations
in RDA-2 and to explaining spatial variation in the intensity
of the bloom across the SAB in RDA-3 (Fig. 5b, c; Table
S4).

Discussion

Thaumarchaea populations are partitioned by
habitat in the SAB

Clone libraries from inshore and nearshore samples shared
few Thaumarchaeota OTUs with samples from 75 or 200 m
at the shelf-break, and phylotypes from each region were
closely related to reference sequences from sites with
similar oceanographic characteristics (Figs. S3, S4). Phy-
logenetic analyses showed that inshore and nearshore
populations contained the same ecotypes, likely as a result
of mixing between these water masses. We encountered
amoA sequences that are most closely related to the low-
salinity-adapted ‘Ca. Nitrosoarchaeum limnia’ strain SFB1
[44] at inshore stations ALTES and DOBES, which are
more strongly influenced by freshwater input from the
Altamaha River than SAPES or the nearshore stations.

Euryarchaeota dominated libraries of Archaea rrs genes,
accounting for 67% of all Archaea rrs sequences retrieved
from our samples (Table S3). This is similar to the dis-
tribution of Archaea in the Northeastern South China Sea
[45]. Most of these sequences were affiliated with the
Marine Group II and III Archaea (Figure S5), especially in
samples from mid-shelf and shelf-break stations. We
recovered relatively fewer Euryarchaeota rrs sequences
from 200 m at shelf-break station C17 compared with the
10 m sample from this station, consistent with the global
distribution of MGII Archaea, which are reported to
decrease in abundance with depth [14, 15, 42, 43, 46, 47].
The marked difference in the distribution of Euryarchaeota

Table 1 Summary of ammonia oxidation rates measured in surface water samples from the South Atlantic Bight

Station Group Ammonia Oxidation Rate (nmol L−1 d−1)

April/May* July September November

Inshore 6, 150± 120 14, 290± 300 8, 2.8± 1.1

Nearshore 7, 0.3± 0.6 4, 0.0± 0.0 3, 79± 70 5, 0.0± 0.0

Mid-shelf 5, 0.0± 0.0 5, 0.0± 0.0 4, 0.0± 0.0

Results are presented as n and mean ± standard error of rates measured in all samples from stations in the same group. The complete data set is
presented in Data set S1. August samples have been excluded from this summary because they were considered unreliable. Rates that were not
significantly different from 0 (NS in Data set S1) have been assigned a value of 0 for this summary

* Average of all samples from both cruises
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and Thaumarchaeota populations in our samples suggests
very different responses of these groups to environmental
factors, especially photoinhibition, that may be controlling
their distributions in the SAB.

Seasonality of Thaumarchaeota in the SAB

The data collected during the present study establish that a
mid-summer peak in Thaumarchaeota abundance occurs at
all of the inshore and nearshore stations of the SAB we
sampled (Fig. 4). Thaumarchaeota never became abundant
at mid-shelf stations (Fig. 4), and the deep-water population
at the shelf-break, which was present throughout the study
(Fig. S2), was phylogenetically distinct from the inshore
population (Figs S3 and S4), ruling it out as a potential
source of the inshore population. These observations are
consistent with data from our long-term monitoring at
Marsh Landing and suggest that observations made at
Marsh Landing represent processes in the broader inshore
and nearshore area of the SAB. We conclude that the sea-
sonal bloom of Thaumarchaeota we documented at Marsh
Landing is the result of local growth, triggered by some
combination of environmental variables, rather than the
consequence of fortuitous sampling of a population that
developed elsewhere.

Effect of light on Thaumarchaeota distributions

The mid-summer peak in Thaumarchaeota abundance at
nearshore and inshore stations in the SAB contrasts with the
mid-winter maxima of Thaumarchaeota abundance reported
for coastal waters at high latitudes, such as the North Sea
[22, 48, 49] and polar oceans [50, 51]. Light has been
suggested to inhibit Thaumarchaeota growth [40, 52],
though the question of whether light affects Thaumarch-
aeota directly or via photochemical production of reactive
oxygen species [53] remains to be resolved [54]. The
summer disappearance of Thaumarchaeota from the
euphotic zone at high latitudes could thus be a response to
the strong seasonal increase in irradiance there. Thau-
marchaeota never became abundant at mid-shelf stations of
the SAB, despite the similarity of seasonal patterns of water
temperature and DO between inshore and mid-shelf stations
(Fig. 2d). Light penetration is considerably greater at mid-
shelf stations compared with inshore and nearshore stations
(Fig. 2f), where turbidity owing to sediment resuspended by
strong tidal mixing (Fig. 2f, S6) and CDOM supplied by
river discharge [55] result in high attenuation coefficients
(Fig. 2e). OBS emerged as a significant (positive) envir-
onmental factor in our RDA analysis of Thaumarchaeota
distribution data. Greater light penetration in the offshore
water column could thus have inhibited Thaumarchaeota
growth at mid-shelf stations of the SAB, though other
factors, such as decreasing fluxes of regenerated ammonia
along the gradient from inshore stations to the shelf-break,
may also have influenced growth of Thaumarchaeota.
Support for this hypothesis comes from the significant, if
minor, contribution of the abundance of Bacteria rrs to

Fig. 5 Redundancy analysis (RDA) ordination plots of Thaumarch-
aeota rrs and Archaea amoA genes vs. environmental factors for a
surface water (<50 m) samples of the SAB on all cruises, b in near-
shore waters, and c for surface waters at all stations on the July,
August, and September cruises. The length and angle of arrows show
the contribution of each variable to the RDA axes (also reported in
Table S4). RF, relative fluorescence (chlorophyll a); T, temperature; S,
salinity; DO, dissolved oxygen concentration; B-rrs, Bacteria 16S
rRNA gene abundance; T-rrs, Thaumarchaeota 16S rRNA gene
abundance; amoA, Archaea amoA gene abundance

Light and temperature control the seasonal distribution… 1481



distributions of Thaumarchaeota revealed by the RDA
analyses.

Mid-winter maxima of Thaumarchaeota abundance have
also been reported from studies at lower latitudes [56].
These maxima may be the result of enhanced vertical
mixing during winter, as suggested by Mincer et al. [15].
Kalanetra et al. [24] also suggested that mixing might cause
the mid-winter peak in Thaumarchaeota abundance in
coastal waters off the West Antarctic Peninsula; however,
subsequent work in this area [57] indicated that this popu-
lation was actively growing. Similar seasonal changes in
vertical mixing (Fig. S2) may explain the elevated con-
centrations of Thaumarchaeota we observed in surface
waters at this station in April and November.

Effect of water temperature

RDA analysis suggests that water temperature influences
the seasonal abundance and activity of Thaumarchaeota at
inshore stations (Fig. 5b). Thaumarchaeota isolates from
Puget Sound have been shown to have high Q10 values [40]
with maximum growth rates at>25 °C. Analyses of the
effects of incubation temperature on nitrite production and
accumulation made using a nitrifying enrichment culture
raised from a Marsh Landing inoculum [5] revealed similar
temperature dependencies for activity of this population,
and further, that temperatures above 40 °C completely
inhibit AO by these populations. The mid-summer nitrite
peak at inshore stations seen in this study can be explained
as a consequence of the uncoupling of ammonia- and nitrite
oxidation. Comparison of data sets from other coastal
waters [5, 58] suggests that this is a common pattern for
nitrification in temperate estuarine waters.

Competition with phytoplankton

Phytoplankton have been suggested to compete with
Thaumarchaeota for NH4

+ in the North Sea [22] and to
inhibit the growth of Thaumarchaeota during the spring and
summer in Antarctic coastal waters [51]. Martens-Habbena
et al. [59] and Urakawa et al. [60] have demonstrated that
phytoplankton are unlikely to be able to compete directly
with Thaumarchaeota for ammonia, and chlorophyll con-
centration did not emerge as a major explanatory variable in
our RDA analyses. Positive correlations between Thau-
marchaeota and phytoplankton populations have been noted
in a few studies [16, 61].

Role of ammonia availability

Ammonia availability has also been suggested to control the
distribution of Thaumarchaeota [59, 60, 62]. Ammonium
concentrations measured in the SAB ranged from the limit

of analytical detection at mid-shelf and shelf-break stations
to 6.4 µmol L−1 in inshore waters (Data set S1). Ammonium
concentrations at the limit of analytical detection (~ 50 nmol
L−1) may not be low enough to limit Thaumarchaeota,
which are reported to have thresholds for ammonium uptake
that are ≤ 10 nmol L−1 [59]. AO rates in our samples were
not correlated strongly with ammonia concentration (Table
S2), and ammonium concentration did not contribute sig-
nificantly to the Thaumarchaeota-environment relationship
in our RDA analyses (Table S4). Although ammonium
availability does not appear to be the key factor determining
the distribution of Thaumarchaeota abundance in the SAB,
the summer bloom of Thaumarchaeota at inshore stations
coincided with relatively high ammonium concentrations
(mean 2.1 μmol L−1, range 0.2–6.2), whereas ammonium
concentrations were consistently low at mid-shelf stations
(Fig. 3a, Data set S1).

The significant, but small, contribution of urea to
Thaumarchaeota-environment relationships (p= 0.006, 8%
of the variance explained in RDA-2; Fig. 5b, Table S4)
suggests that seasonal variability in urea concentration may
contribute to the timing of the inshore bloom. Urea can
serve as an alternate source of reduced nitrogen for AOA
[63–65], potentially having a minor role in nitrification in
the SAB.

Role of copper limitation

The availability of free copper (Cu2+) has also been sug-
gested to limit growth of Thaumarchaeota in coastal
environments [66]. We addressed this question directly in a
separate study [67]. We found that Cu2+ concentrations at
six inshore sites, including Marsh Landing, were con-
sistently at sub-fmol L−1 levels as a result of complexation
by two ligand classes, well below the concentrations
reported to limit the growth the Thaumarchaeota [68], yet a
mid-summer bloom of Thaumarchaeota was apparent at all
of the stations sampled [67].

Shelf-break populations

The highest AO rates at shelf-break stations coincided with
peak concentrations of Thaumarchaeota abundance, nitrite
and chlorophyll (Figure S2, Data set S1). The AO rate at the
bottom of the euphotic zone at the shelf-break was much
lower than AO rates measured at inshore stations during
summer, although AO rates measured were likely higher
than in situ because of the elevated incubation temperature.
Thaumarchaeota ecotypes exhibit different growth rates and
cell-specific AO rates [40, 59, 69–71]. Smith et al. [72]
found that AO rates in Monterey Bay surface waters cor-
related with the abundance of AOA from the WCA clade,
whereas deep-water samples, dominated by AOA from the
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WCB clade, consistently had low AO rates. We found two
distinct Thaumarchaeota populations at inshore vs. shelf-
break samples from the SAB (Figs. S3, S4). The former was
composed mainly of organisms with amoA sequences most
similar to “Ca. N. maritimus” strain SCM1, whereas the
latter contained a mix of AOA from the WCA and WCB
clades (Fig. S3). Thus, greater cell-specific AO rates of “Ca.
N. maritimus” strain SCM1 [59] compared with open ocean
strains [59, 71] could contribute to higher AO rates in
inshore waters.

Conclusions

Thaumarchaeota were never abundant on the SAB con-
tinental shelf, and the deep-water population found at the
shelf-break was phylogenetically distinct from the inshore
population, indicating that the summer bloom observed
previously at an inshore site does not originate offshore.
OBS (light penetration) explains most of the variation in the
spatial distribution of Thaumarchaeota in the SAB, sug-
gesting that factors related to light penetration control the
potential for the development of Thaumarchaeota popula-
tions. Within the inshore zone of the SAB where light
penetration is consistently low, water temperature appears
to exert secondary control on the potential for bloom
development. The weak correlation between Thaumarch-
aeota and Nitrospina distributions and the strong correlation
between AO and nitrite concentration is consistent with the
mid-summer accumulation of nitrite in inshore waters that
appears to result from differential responses of ammonia-
and nitrite-oxidizing organisms to seasonal variation in
water temperature [73–80].
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