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Summary

We characterized ammonia-oxidizing archaea (AOA)
and bacteria (AOB) from salt marsh sediments in the
Gulf of Mexico over 5 years to identify environmental
drivers of nitrifying community patterns following the
Deepwater Horizon oil spill. Samples were collected
from oiled and unoiled sites in July of 2012–2016
from 12 marshes spanning three regions on the Loui-
siana coast. No consistent oil effect was detected for
either AOA or AOB abundance or community compo-
sition. At the local scale, abundance was correlated
with changes in marsh elevation, suggesting that
oxygen may be an important driver. Regional differ-
ences in abundance were best explained by salinity
and soil moisture, while interannual variation may be
more linked to changes in climate and Mississippi
River discharge. Variation of AOA communities was
correlated with organic sediment nutrients, while
AOB communities were correlated with soil extract-
able nutrients. AOA and AOB diversity and AOB
abundance decreased in 2014 in all regions,
suggesting that broad-scale drivers, such as climate,
may explain synchronous shifts throughout the
coastal area. Our results provide insights about
large-scale disturbances on nitrifying microbes in the
Gulf of Mexico, and suggest that nitrogen cycling
may be controlled primarily by local factors, but

large-scale drivers might override these localized dif-
ferences at times.

Introduction

Nitrogen loading to the northern Gulf of Mexico (GoM)
from the Mississippi River drives much of the microbial
ecology of the region (e.g. Childs et al., 2002; Mason
et al., 2016). The fate of nitrogen entering the GoM is of
particular importance in coastal regions where nitrogen
fuels high rates of primary productivity and contributes to
a large seasonal hypoxic zone (Rabalais et al., 2002).
Nitrification, the sequential oxidation of ammonia to
nitrate, plays a critical role in the fate of nitrogen, and,
when coupled to denitrification, contributes to the loss of
nitrogen from the system (Seitzinger, 1988). High nitrifi-
cation rates have been reported in the northern GoM
water column (Carini et al., 2010) and, more recently, in
GoM salt marshes (Marton et al., 2015). Despite the
importance of nitrogen to the ecology of the GoM, there
are very few studies on nitrogen cycling in the adjacent
salt marshes, and fewer still focused on the microbial
communities involved.

In July 2010, oil from the Deepwater Horizon (DWH)
wellhead blowout reached coastal salt marshes in Louisi-
ana, impacting the microbial ecology of the marshes.
Studies of total bacterial communities in the marshes
reported major shifts following the introduction of oil
(Beazley et al., 2012; Engel et al., 2017), with some com-
munities showing signs of recovery several years later
(Mahmoudi et al., 2013; Atlas et al., 2015). Studies on
nitrification and ammonia-oxidizing archaea (AOA) and
bacteria (AOB) in Louisiana salt marshes 2 years post-
spill, however, reported little effect of the oil on either nitri-
fication rates (Marton et al., 2015) or nitrifying communi-
ties (Bernhard et al., 2016). Whether such a large
disturbance might lead to longer-term impacts on nitrifica-
tion and nitrifiers in the marsh remains uncertain.

Furthermore, few studies of ammonia oxidizers have
reported multi-year patterns in coastal systems (but see
Bouskill et al., 2011 and Newell et al., 2014), information
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that is critical to understanding how these communities
respond to changes in local- and regional-scale condi-
tions, as well as future disturbances. Factors controlling
nitrifying communities in estuaries often vary spatio-tem-
porally, leading to variable responses in the nitrifying
communities. As a result, studies of ammonia oxidizers in
salt marshes and estuaries have identified multiple fac-
tors that shape their communities, including salinity
(Francis et al., 2003; Bernhard et al., 2005; Mosier and
Francis, 2008; Santoro et al., 2008), pH (Moin et al.,
2009), oxygen (Santoro et al., 2008), temperature (Sahan
and Muyzer, 2008), sulphide (Caffrey et al., 2007), and
substrate availability (Bouskill et al., 2011; Vipindas et al.,
2018). Understanding how nitrifying communities in GoM
salt marshes might be impacted by changes in local or
regional conditions, including major disturbances, is criti-
cal to build better predictive models for salt marsh N
cycling dynamics.
In this study, we build on our previous studies (Marton

et al., 2015; Bernhard et al., 2016) that reported patterns
of nitrification and ammonia-oxidizers 2 years after the
DWH spill. Here, we evaluate interannual patterns of
ammonia oxidizers in Louisiana marshes over 5 years.
We set out to answer the following questions: (i) are there
predictable spatial or temporal patterns in AOA or AOB
communities in Louisiana salt marshes? (ii) are there
long-term effects of oil exposure on nitrifier abundance or
community composition in the marshes? Answering
these questions should help us to better understand how
large-scale disturbances may impact nitrifiers, and thus,
nitrification, in the GoM, and to understand whether nitro-
gen cycling across the region may be controlled by differ-
ent drivers in different areas.

Results and discussion

We analysed archaeal and betaproteobacterial amoA
genes, representing AOA and AOB respectively, in
240 surface marsh sediment samples collected over
5 years along the Louisiana coast. In each of three
regions, Terrebonne Bay (TB), west Barataria Bay
(WB) and east Barataria Bay (EB), sites that received oil
from the Deepwater Horizon oil spill were paired with
unoiled sites for comparison. Detailed sampling and site
descriptions have been previously published (Marton and
Roberts, 2014; Marton et al., 2015; Bernhard et al.,
2016). Details of the oiling of the sites can be found in
Turner et al. (2014).
Except for AOB at EB in 2016, no significant differ-

ences in abundances between oiled and unoiled sites
were detected over the study period (Table 1), so we
combined data from both oiled and unoiled sites to ana-
lyse local, regional and interannual patterns of
abundance.

Within-marsh variation

AOA and AOB abundance and AOA:AOB ratios varied
significantly with distance from the marsh edge (5–20 m)
in all three regions, except for AOB at EB, but showed
opposite patterns at TB compared to WB and EB (Fig. 1).
However, in all regions, abundance and ratios increased
as marsh elevation increased (Fig. S1).

Differences in sediment chemistry in relation to dis-
tance from marsh edge were detected for some vari-
ables, but no variable showed consistent patterns across
all three regions (Table S1). Organic C, total N and soil
moisture varied with distance from marsh edge in TB,
while only soil moisture varied in WB, and only salin-
ity in EB.

Based on multiple regression analyses of AOA and
AOB abundance in each region versus sediment chemis-
try, up to 73% of the within-marsh variation in AOA abun-
dance was explained by sediment variables, but only as
much as 41% of the variation in AOB abundance
(Table 2). Total N and distance from marsh edge were
the variables that had the most explanatory power within
regions.

Increases in AOA abundance related to increased
marsh elevation may reflect a greater sensitivity of AOA
to conditions that change with elevation, such as oxygen
(Armstrong et al., 1985). Although AOA have generally
been found to dominate in low oxygen environments
such as oxygen minimum zones (OMZ) (Newell et al.,
2011; Bouskill et al., 2012), including in the GoM (Bristow
et al., 2015), there are also reports of low oxygen envi-
ronments favouring AOB (Fitzgerald et al., 2015). Since it
has been shown that AOA tend to have habitat-specific
distributions (Biller et al. 2012), it is likely that the AOA in
our study are not only phylogenetically distinct from those
in the OMZ, but may also have different oxygen
sensitivities.

Community composition, based on terminal restriction
fragment length polymorphism (TRFLP) analysis of amoA
genes, revealed little variation within each region, and
unlike abundance patterns, did not vary significantly with
distance from the marsh edge (data not shown). Since
next-generation sequencing attempts for amoA genes
from these samples did not yield quality data, we were
only able to assess community composition based on
TRFLP data. We previously published amoA sequence
data from a subset of these samples, and showed that
operational taxonomic unit distribution correlated strongly
with TRFLP patterns for both AOA (r = 0.93) and AOB
(r = 0.83) (Bernhard et al., 2016).

Potential drivers of community composition within each
region varied for AOA and AOB, suggesting that the two
groups respond to different environmental cues (Table 3).
AOA communities were more strongly correlated with
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sediment parameters such as organic C and total N,

while AOB communities were correlated more strongly
with soil extractable parameters, such as nitrate and
ammonium. It is possible that this division reflects a
potential reliance on organic C of AOA, since they have
been shown to be mixotrophic in some instances
(Mußmann et al., 2011; Qin et al., 2014), while AOB are
strictly chemoautotrophs relying on inorganic substrates.

Regional variation

Comparisons between regions revealed significant differ-
ences for both AOA and AOB abundance (Fig. 2) and
community composition (Figs 3 and S2). The 5-year aver-
age AOA abundance was approximately twice as high at
EB than at TB and WB, and the differences were signifi-
cant (Fig. 2A–C). Conversely, AOB abundances were
significantly lower at EB, compared to TB and WB sites
(Fig. 2D–F).

All the sediment chemistry variables tested, except
total P, varied significantly between the regions
(Table S2), with WB having lowest nutrient concentra-
tions and ratios, and highest salinity. TB and EB had sim-
ilar nutrient concentrations, but TB had higher pH and
lower redox (consistent with less flooding). Salinity and
soil moisture were the only two variables that differed sig-
nificantly in all three regions, with WB having highest
salinity and lowest water content.

When all three regions were analysed together, envi-
ronmental factors explained 60% of the regional variation
of AOA abundance, but only 11% of AOB abundance,
with salinity and soil moisture explaining the most varia-
tion for AOA (Table 2). AOA abundance was also signifi-
cantly correlated with precipitation at TB (Table S3).
Salinity has frequently been implicated as a major driver

of AOA and AOB diversity and abundance in many differ-
ent estuaries (see review by Bernhard and Bollmann,
2010), yet it remains uncertain if the effect is direct physi-
ological stress on the organisms, or if it is due to other
factors correlated with changes in salinity, such as avail-
able NH4

+, or a combination of both. Soil moisture has
also been identified as an important driver of AOB com-
munity composition (Martiny et al., 2011), and is likely
related to oxygen availability, which would be expected to
have a strong impact on aerobic ammonia-oxidizing
communities.

We detected significant regional differences for both
AOA and AOB community composition. For AOA, all
three regions harboured distinct communities (Fig. 3A,
Table 4), although they were all dominated by a common
TRF, AOA170 (Fig. S2). This TRF represents amoA
genes that are >95% similar to the Nitrosopumilus
maritimus amoA gene, based on in silico analysis of
amoA sequences (Bernhard et al., 2016). However, two
distinct subclusters of sequences closely related to N.
maritimus (Fig. S3) showed region-specific patterns.
TRF170 was significantly higher at TB compared to WB
and EB, while TRF296 was significantly greater at WB
and EB compared to TB. Region-specific distribution of
closely related populations suggests there may be eco-
types of N. maritimus-related AOA that may respond to
edaphic differences, such as pH and redox that differed
significantly at TB compared to WB and EB (Table S2).
Previous studies have found pH to be an important driver
for AOA community composition (Li et al., 2018).

AOB communities at TB and EB differed significantly
from those at WB but not from each other (Fig. 3B,
Table 4). TB and EB regions were dominated by TRF
AOB336, which represents sequences related to
Nitrosomonas, determined previously (Bernhard et al.,

Table 1. P values for comparisons of AOA and AOB gene abundance and community composition between oiled and unoiled sites over 5 years
in the three regions.

Gene Abundance Community Composition

Year TB WB EB All regions TB WB EB All regions

AOA 2012 0.55 0.36 0.67 0.69 0.67 0.09 0.06 0.66
2013 0.44 0.54 0.60 0.93 0.22 0.61 0.32 0.30
2014 0.85 0.56 0.72 0.57 0.07 0.23 0.25 0.50
2015 0.36 0.95 0.33 0.50 0.36 0.12 0.03* 0.13
2016 0.40 0.17 0.45 0.19 0.05* 0.64 0.01* 0.007*
All years 0.54 0.60 0.17 0.37 0.78 0.07 0.04* 0.18

AOB 2012 0.81 0.07 0.53 0.17 0.88 0.38 0.15 0.24
2013 0.85 0.98 0.26 0.69 0.89 0.02* 0.61 0.34
2014 0.50 0.63 0.28 0.57 0.50 0.09 0.76 0.12
2015 0.42 0.75 0.18 0.41 0.83 0.47 0.38 0.67
2016 0.33 0.35 0.001* 0.02* 0.70 0.93 0.99 0.98
All years 0.98 0.25 0.63 0.31 0.92 0.02* 0.03* 0.04*

Gene abundances were compared using Student’s t-tests, and community composition was compared by a multi-response permutation proce-
dure (MRPP). Bold numbers with asterisks indicate that abundances or community compositions were significantly different between oiled and
unoiled sites.
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2016). WB was dominated by TRF AOB278 rep-
resenting Nitrosospira-like amoA sequences (Bernhard
et al., 2016).

Regional differences in AOB communities followed
predicted patterns based on salinity and organic matter.
Nitrosospira-related AOB are typically associated with
higher salinity and lower organic matter (Francis et al.,
2003; Bernhard et al., 2005; Zhang et al., 2015), which
were the conditions found at WB where Nitrosospira-
related AOB dominated. Conversely, Nitrosomonas-
related AOB are typically associated with higher organic
matter and lower salinity (Urakawa et al., 2006; Dang
et al., 2010; Peng et al., 2013) and, as expected, these
AOB dominated at TB and EB.

Some of the patterns we detected for AOA and AOB
communities are similar to those detected in sediments

from the eastern GoM (Flood et al., 2015), with AOA
communities dominated by a few N. maritimus-related
sequences, and AOB showing more variation between
sites. Similar to abundance patterns, salinity was a major
factor influencing regional differences in AOA community
composition, but unlike AOB, the relative abundances of
the dominant TRFs did not correspond to differences in
salinity between the regions. Others have reported signifi-
cant correlations between salinity and AOA in estuaries,
although the relationship is not always robust
(as reviewed in Bernhard and Bollmann, 2010).

Interannual variation

There were significant interannual differences in AOA
abundance at TB and WB, where abundance generally
increased over the 5-year period (Fig. 2A–C). At EB,
although differences between years were not significant,
there was a trend of increasing abundance over the
5-year period, similar to TB and WB. AOB abundance
was also highly variable, with significant interannual dif-
ferences in all regions, but no clear trend over time
(Fig. 2D–F). Interestingly, AOB abundance was lowest in
2014 and 2015 in all regions. Ratios of AOA:AOB also
increased significantly over time at TB (p < 0.001) and
EB (p = 0.027). Interannual variations in sediment chem-
istry were also detected, with total N, C:N and soil
extractable phosphate varying significantly over time in
all three regions (Table S2).

AOA community composition showed significant inter-
annual differences in all three regions (Fig. S2, Table 4).
In most cases, AOA communities tended to fluctuate
between years, with communities in 2012 and 2014 more
similar to each other, and 2013 and 2015 more similar.
AOB community composition at TB and EB differed each
year from 2012 to 2014, and then remained stable from
2014 to 2016 (Fig. 3B). At WB, however, AOB communi-
ties fluctuated over the 5-year period, with different com-
munities from 2013 to 2015, then reverting back in 2016
to communities similar to 2012–2013. Diversity of AOA
and AOB decreased significantly in all three regions in
2014, and then generally recovered by 2016 (Fig. S4).

We think the high interannual variability is likely a
reflection of a highly dynamic system, possibly driven by
the dynamics of the discharge from the Mississippi River.
Analysis of monthly river discharge and nitrate concentra-
tions obtained from USGS (https://waterdata.usgs.gov/
usa/nwis) showed that both parameters increased signifi-
cantly over the 5-year period (p < 0.001), and mean
yearly discharge was significantly correlated with average
AOA abundance at EB (r = 0.92, p = 0.02), and was
nearly significantly correlated with AOA abundance
(r = 0.84, p = 0.07), and AOA:AOB ratios (r = 0.85,
p = 0.06) at TB. Annual dynamics of the system are also

Table 2. Results from multiple regression analysis of AOA or AOB
abundance with environmental variables.

Gene Region Adj. r2 P value Significant predictors

AOA TB 0.73 <0.0001 Total N, Eh
WB 0.38 0.008 Distance from edge
EB 0.43 0.002 Distance from edge
All 0.49 0.001 Soil moisture, salinity

AOB TB 0.41 0.016 Total N
WB 0.24 0.05 Distance from edge
EB −0.02 0.52 na
All 0.11 0.23 na

AOA:AOB TB 0.43 0.0003 Total N
WB 0.37 0.01 Total N
EB 0.29 0.03 Total P
All 0.57 0.0004 Salinity, soil moisture

Adjusted r2, level of significance (P values), and variables with the
most explanatory power are reported for the best-fit model for each
region and gene.

Table 3. Correlation coefficients of environmental variables with the
axes of the NMDS ordination for AOA and AOB community
composition.

AOA TRFLP AOB TRFLP

TB WB EB All TB WB EB All

pH (0.15)
Org C (0.36) 0.17 (0.39) 0.18
Total N (0.23) 0.23 (0.32) 0.23
Total P (0.17) 0.20
C:N (0.19) 0.21 (0.25) (0.29)
N:P 0.21
PW salinity 0.34 (0.44)
Soil NO3

− (0.22) (0.21)
Soil NH4

+ (0.22)
Soil PO4

2− (0.20) (0.47)
Soil moisture (0.20) (0.16) 0.27 0.36

Only coefficients >0.15 are shown. Negative correlations are indi-
cated parenthetically. Statistical analyses were performed as previ-
ously described (Bernhard et al., 2016). Sediment for chemical
analyses were processed and analysed as described in Marton and
Roberts (2014) and Marton et al. (2015).
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echoed in many of the sediment chemistry variables,
suggesting that nitrifiers are intimately linked to the varia-
tion in sediment chemistry. Studies have shown high
annual variability in nutrients and sediments from the Mis-
sissippi River, with much of the variation attributed to
changes in climate (Justic et al., 2003; Donner and
Scavia, 2007).

Additional regional data on changes in marsh elevation
and water level, obtained from the Coastwide Reference
Monitoring System, indicated large interannual fluctua-
tions (Fig. S5). From 2013 to 2014, average water level
dropped 57% in WB, 72% in TB and 84% in
EB. Although water levels began to increase again in
2015 and 2016, they still had not returned to levels mea-
sured in 2012 and 2013 in any of the regions. From
September to October 2013, marsh elevation dropped
23.6% at TB, 33.2% at WB and 69.1% at EB, and
remained low for the duration of the study. Tropical storm
Karen moved through the region in October 2013 and
likely contributed to the observed changes in water levels
and marsh elevation. The sudden changes in late 2013
could be related to the decreases in AOB abundance
and AOA and AOB diversity in 2014, particularly since
we detected significant relationships between diversity
and precipitation in some cases (Table S3).

Oil effects

AOA and AOB abundances and community composition
were not different between oiled and unoiled sites in
2012, 2 years after the DWH oil spill (Marton et al., 2015;
Bernhard et al., 2016). This pattern continued through
2014, but some differences in community composition
were detected in 2015 and 2016 (Table 1).

There are several possible explanations for these
unexpected results in oiled sites. First, the communities
may have been impacted when initially exposed to oil in
2010 and 2011, but since our study did not begin until
2012, we may have missed the initial impacts. Newell
et al. (2014) reported significant shifts in AOA communi-
ties in GoM sediments that were still stable 1 year later. It
is possible that by the time of our sampling, communities
may have recovered, but because of the initial distur-
bance, some communities may have become more vul-
nerable to other stressors in the environment, such as
hurricanes, climate change, or other broad-scale pertur-
bations. Others have reported increased vulnerability of
microbial communities exposed to multiple stressors
(Birrer et al., 2018; Calderón et al., 2018).

A second explanation is that AOA and AOB were not
impacted by the oil initially, but that other components of
the ecosystem that were impacted are now having a
trickle-down effect on the microbial community. For
example, various components of the food web in the
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Fig. 3. Nonmetric multidimensional scaling ordinations of AOA (panel
A) and AOB (panel B) communities by region based on TRFLP anal-
ysis of amoA genes. TRFLP analysis was performed as previously
described (Bernhard et al., 2016) and analysis was performed using
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Table 4. P-values from MRPP analyses of TRFLP data combining
all 5 years using oil, region, and year as grouping variables. Values
indicating signicant effects are bold and italic.

Gene Region Oil Effect Region Effect Year Effect

AOA All regions 0.18 <0.0001 <0.0001
TB 0.78 na <0.0001
WB 0.07 na <0.0001
EB 0.04 na <0.0001

AOB All regions 0.04 <0.0001 <0.0001
TB 0.92 na <0.0001
WB 0.02 na <0.0001
EB 0.03 na <0.0001
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Louisiana marshes have been significantly impacted by
the oil (McCann et al., 2017), and as food web dynamics
change, nutrient availability may also change, resulting in
shifts in the microbial communities. It is also possible that
the differences we detected are not related to oiling his-
tory at all, but we cannot distinguish between these
hypotheses with our data set.
Recently, Tartariw et al. (2018) reported significant

shifts in denitrifiers in salt marshes impacted by the DWH
spill, even 6 years post-spill. It is possible that denitrifiers
may be more sensitive to oiling since they rely on
organic C, while most nitrifiers are chemoautotrophs, and
would not be expected to be affected as much by
changes in organic C due to oiling.

Conclusions

Our 5-year study of AOA and AOB during summer in
Louisiana salt marshes is one of very few long-term stud-
ies of nitrifiers in coastal systems, and points to several
overarching patterns. First, variation between the
marshes appears to be driven by factors different from
those that drive variation within each marsh, suggesting
that there are local and region-wide forces that act on
nitrifying communities at these different scales. Second,
AOA and AOB appear to respond to different environ-
mental conditions, suggesting that controls on nitrification
are highly complex, and that understanding the interplay
between the two groups of nitrifiers will require more
sophisticated approaches that can identify activity of spe-
cific populations under specific conditions. Third,
although we did not detect a convincing long-term oil
effect, we cannot rule out the possibility that nitrifiers may
be more vulnerable than our study suggests. Controlled
experimental manipulations will be required to more fully
understand the response of nitrifiers to oiling.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1 Changes in relative elevation at TB, WB, and EB
as distance from the marsh edge increases.
Fig. S2. Relative abundance of AOA (panel A) and AOB
(panel B) TRFs in July 2012–2016 in TB, WB, and
EB. Different letters above the bars indicate significantly dif-
ferent communities in each region. Phylogenetic affiliations
based on analysis of amoA sequences, determined by in sil-
ico analysis of amoA sequences from Bernhard et al. (2016),
of some of the dominant TRFs are indicated for each panel.
Fig. S3. Phylogenetic relationships among archaeal amoA
deduced amino acid sequences from OTU1 (Bernhard

et al., 2016). The tree was inferred with the neighbour-
joining algorithm and is based on 133 amino acids. Num-
bers above the nodes represent bootstrap values based
on 100 replicates. Numbers inside the polygons indicate
number of sequences.
Fig. S4. Simpson’s Diversity Index (based TRFLP analysis
of amoA genes) for AOA (top panels) and AOB (bottom
panels) in July 2012–2016 in the three regions. Different let-
ters indicate significantly different values within each region.
Fig. S5. Average annual water level in the three regions (TB,
WB, and EB) over the 5 years of the study. Data were down-
loaded from the Coastwide Reference Monitoring System
(https://www.lacoast.gov/crms/Home.aspx#) using sites
0355, 0178, and 4529 to represent TB, WB, and EB
respectively.
Table S1. 5-year mean � SE values for sediment chemistry
measurements for the three regions. Different letters after
the values indicate significantly different means between
regions.
Table S2. Differences in sediment chemistry within each
region using distance from marsh edge or year as the group-
ing variable, analysed by ANOVA. Only P values ≤0.05 are
shown. No analysis for salinity in TB by year was possible
due to missing values.
Table S3. Pearson’s correlation coefficients and P values for
comparisons of gene abundance and diversity with precipita-
tion. P-values ≤0.05 are indicated with bold numbers and
asterisks. Precipitation data for the entire area were retrieved
from the Weather Collector (http://www.theweathercollector.
com/) using the Galliano, LA station.
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