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Abstract
Estuaries, being transition zones between land and ocean, act as sink or source of nitrate and thus influence the conditions 
in adjacent coastal waters. Hence, nitrification, which is the process oxidizing ammonium via nitrite to nitrate and simulta-
neously consuming oxygen, is important in estuaries. The process has been studied in sediment and water column of many 
estuaries, but seldom in both estuarine compartments at the same time. In August 2014, we collected water and sediment 
samples during a sampling trip along the salinity gradient of the hyper-turbid Ems estuary, which ends up in the North Sea. 
We conducted nitrification incubations in microcosms to determine nitrification potentials and we measured a suite of abi-
otic factors like oxygen saturation, salinity, and dissolved inorganic nitrogen (DIN). Two approaches were used, one isotope 
dilution method for net (NNP) and gross (GNP) nitrification potentials and one method with substrate addition for substrate 
induced nitrification potentials (SNP). The long-term incubation set-ups of several days include inseparably nitrification-
coupled processes like remineralization and nitrate consumption, as well as cell growth, and hence they do not represent 
in-situ rates of nitrification. DNA was also isolated and used for quantitative PCR of the archaeal and bacterial amoA genes, 
which encode for the ammonia-oxidizing enzyme ammonia monooxygenase (AMO). Nitrification varied over the salinity 
gradient of the estuary. GNP in water and sediments decreased with increasing salinity. No NNP could be measured in the 
sediments of the oligohaline part of the estuary, while SNP was four-fold higher than GNP in this part of the estuary. Gener-
ally, the gene abundance of the amoA gene was higher in the oligohaline/mesohaline area than in the polyhaline area, and 
archaea dominated the ammonia-oxidizing communities in all samples. The local similarity in partitioning of archaeal and 
bacterial amoA genes over the water column and sediment at each sampling station along the estuarine gradient implied a 
link between the archaeal and bacterial ammonia oxidizers in both compartments, which is likely due to resuspension of 
sediment particles in the water column of this hyper-turbid estuary.
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Introduction

Estuaries play a major role in transport of nutrients and 
organic matter from the land to the coastal zones. It is 
commonly assumed that they have a filter function due to 
high turnover capacities (Crossland et al. 2005). Depend-
ing on the conditions in the estuary like the amount of 
available oxygen, the load of dissolved inorganic nitrogen 
or the quantity of suspended matter in the water column, 
estuaries can act as a source or a sink of nitrate (Dähnke 
et al. 2008; Middelburg and Nieuwenhuize 2001). The 
load of nitrate transported to coastal zones is dependent 
on the net effect of the microbial processes of nitrifica-
tion and denitrification converting reactive nitrogen pools 
from anthropogenic inputs (Galloway et al. 2003). This 
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can result in the eutrophication of coastal waters (How-
arth and Marino 2006) as has happened for example in the 
North Sea (Radach and Pätsch 2007). Due to better waste 
water management and control of fertilizers, the riverine 
load of reactive nitrogen into the North Sea has decreased 
but is still high (Pätsch et al. 2010).

Along the estuaries, gradients of salinity, nitrogen, pH 
and oxygen are commonly formed and some of these vari-
ables have been shown to be influenced by or impacting 
microbial communities (Bernhard et al. 2005a) including 
nitrifiers (Bernhard and Bollmann 2010) and specially the 
ammonia oxidizers (Bernhard et al. 2005b, 2007; Mosier and 
Francis 2008; Santoro et al. 2008). Despite the obvious eco-
logical importance of nitrification, the role of environmental 
factors that drive the associated communities of ammonia 
oxidizers is poorly understood. Niche differentiation between 
the two major groups of ammonia oxidizers, i.e. the ammo-
nia-oxidizing archaea and bacteria is still under debate. The 
functional amoA gene encodes the active site of the ammo-
nia monooxygenase that is specific for ammonia-oxidizing 
microorganisms. Recently the debate expanded with the dis-
covery of nitrite-oxidizing bacteria that are able to carry out 
the whole process of nitrification including ammonia oxida-
tion (Daims et al. 2015; van Kessel et al. 2015). There are 
many studies on nitrification in estuaries around the world, 
but most of these studies have either focused on sediments 
(Damashek et al. 2015; Mosier and Francis 2008; Sahan and 
Muyzer 2008; Wankel et al. 2011) or on water column (Boll-
mann and Laanbroek 2002; Damashek et al. 2016; de Bie 
et al. 2001; Heiss and Fulweiler 2016; Zhang et al. 2015). 
Studies that deal with both compartments of estuaries are 
apparently lacking, while such studies seem to be essential 
in well-mixed, shallow river mouths. For the determina-
tion of nitrification a number of different approaches exist 
and have been used (Damashek et al. 2016 and references 
therein). The most common method in coastal and ocean 
waters uses 15N-labelled ammonium in short-term incuba-
tions for 6–48 h. This method presents most likely the in-
situ activity without growth of nitrifiers and without much 
influence of other processes like remineralization. Due to 
apparently low in-situ nitrification rates, we have chosen 
different incubation set-ups with a longer incubation time. In 
one of the set-ups, we applied an isotope dilution approach 
by labeling the end-product of nitrification nitrate, in the 
other set-up we added ammonium as substrate. The nitrifi-
cation potential obtained in long-term incubations include 
ammonification of organic matter and nitrate loss by e.g. 
denitrification, as well as changes in nitrifier community and 
growth. Consequently, the results are not direct comparable 
with other studies and the measured rates could be overes-
timations of in-situ rates. However, they should represent a 
range of nitrification potentials in the Ems estuary related to 
the residence time of the water body.

Hence, in this study we investigated gross (GNP), net 
(NNP) and substrate-induced nitrification potentials (SNP) 
and abundances of archaeal and bacterial amoA genes in the 
water column and in the sediment along the salinity gradi-
ent of the hyper-turbid, well-mixed Ems estuary in north-
west of Germany, which is one of the German tributaries to 
the North Sea. Our key questions were (1) do nitrifications 
potentials vary across the salinity gradient (2) do water col-
umn and sediments are different with respect to the different 
nitrification potentials (3) does the ratio between archaeal 
and bacterial amoA gene abundances change across the 
salinity gradient and (4) which variables can be identified 
as controlling factors for the process of nitrification in water 
column and sediment?

Materials and methods

Study site

The Ems estuary is situated on the border between Germany 
and the Netherlands and discharges its water into the Wad-
den Sea in the southeastern part of the North Sea (Fig. 1). 
The tidal part of the River Ems, which is the main river 
draining into the Ems estuary is about 53 km long from the 
weir at Herbrum to Emden (Winterwerp et al. 2013). The 
River Ems serves as a draining canal and shipping route, and 
its embankments offer space for habitation and agriculture 
(Krebs and Weilbeer 2008). The catchment area of the Ems 
is 17,934 km2. The average discharge is 80.8 m3 s−1 (Krebs 
and Weilbeer 2008) and a residence time of 15–70 days 
depending on discharge (Middelburg et al. 2002). The Ems 
estuary is defined as a hyper-turbid estuary and the con-
centration of suspended sediment particles is high in the 
lower part of the river with up to 30–40 g dw L−1 (Talke 
et al. 2009). Deepening of the lower River Ems has strongly 
amplified the tides and increased the concentrations of sus-
pended sediment within the tidal river (de Jonge et al. 2014). 
Bos et al. (2012) identifies the Ems estuary as a degraded 
ecological system, mainly because of a strongly artificial 
morphology, high level of turbidity, extended periods of 
oxygen minimum or anoxia situations in certain zones and 
a limited quality and quantity of estuarine habitats for flora 
and fauna. The nutrient loads are high (Gade et al. 2011). For 
our study, we have divided the Ems Estuary in three parts, 
the outer estuary, the Dollard Bay and the River Ems itself, 
which are polyhaline, mesohaline and oligohaline, respec-
tively (Fig. 1). The River Ems has a depth of up to 5 m, 
while the water in the Dollard and in the outer Estuary was 
up to 20 m deep (Supplementary Table S1). The river and 
estuary kilometers of the Ems, as presented in Fig. 1, started 
in the town of Papenburg where two tributaries merge.
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Sampling

The sampling campaign was conducted with the R/V Ludwig 
Prandtl in August 2014. Water was collected with the use of 
an on-board membrane pump, and turbidity, salinity, fluores-
cence, pH and oxygen were measured continuously with the 
on-line in-situ Ferrybox system (Petersen et al. 2011), which 
has a resolution of one data point per minute. However, we 
present only the averages measured at the sampling stations 

in this paper. Water or water plus sediment samples were 
collected at distinct sampling stations, which are indicated 
in Fig. 1 by red and black triangles, respectively. Up- and 
downstream sampling cruises were conducted on three con-
secutive days (Figure S1). Samples were collected at the 
stations irrespective of the state of tide with the consequence 
of shifts in tide and current velocity between the sampling 
stations. Sediment samples were collected with a box corer. 
A mixed sample from the top 2–5 cm of the sediment was 

Fig. 1   Map of the Ems estuary presenting the sampling stations. 
Blues dots represent the official River Ems kilometers started in Pap-
enburg and the following offshore kilometer based on distance cal-
culation by GIS, respectively. The sampling stations were marked by 
triangles: Black triangles indicate stations where only environmental 

parameters in the water column were measured, while red triangles 
present stations where additional water and sediment samples were 
taken for nitrification rate measurements, and for determining copy 
numbers of archaeal and bacterial amoA genes. (Color figure online)
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obtained from different box cores taken at the same location. 
At the Stations 280 and 279 in the oligohaline part of the 
estuary, the sediment samples were dark and muddy, indi-
cating mainly anoxic conditions, while at the other stations 
more oxic, sandy sediments were found. The mixed sediment 
sample was used for nitrification potentials measurements, 
density and porosity determinations and DNA isolation. The 
sediment samples intended for DNA isolation were frozen 
and maintained at − 20 °C until extraction.

Water samples were either taken by a Niskin-Bottle 
2 m above the bottom at the red-colored sampling stations 
(Fig. 1) or simply by a bypass of the Ferrybox system 2 m 
below the water surface at the black-colored stations. Water 
samples for nutrient and isotope analyses were immedi-
ately filtered through combusted (4 h, 450 °C) GF/F filters 
and stored in acid-washed (10% HCl, overnight) PE bot-
tles. The filtered water samples were frozen on board and 
stored at − 20 °C until analyses started. Filtered samples 
for suspended matter analysis were dried at 50 °C and were 
also stored at − 20 °C. For DNA isolation from the water 
column the samples were filtered through a polycarbonate 
filter (0.2 µm) and the filters were kept at − 20 °C until DNA 
isolation started. The volume of the filtered water varied 
between 20 and 160 mL depending on the suspended matter 
(SPM) concentration.

Nutrient and sediment analysis

Duplicates of filtered water samples were analyzed for 
concentrations of ammonium, nitrite and nitrate, using an 
automated continuous flow system (AA3, Seal Analytical, 
Germany) and standard colorimetric techniques (Hansen 
and Koroleff 2007). In subsamples from nitrification poten-
tial rate measurements, ammonium was analyzed manu-
ally based on the same colorimetric techniques. Nitrite and 
nitrate concentrations in these subsamples were analyzed by 
HPLC (Meincke et al. 1992). Methods for density, porosity 
and water content measurements were based on Gonsiorczyk 
et al. (1995).

Nitrification potentials

For the assessment of nitrification potentials in the Ems estu-
ary, we used two incubation approaches in microcosms, one 
based on isotope dilution and one based on substrate addition. 
The incubations were done separately for water and sediment 
samples. A long-term incubation for up to 15 days was used 
to encompass the lag-period and the period of linear increase 
of nitrate. In consequence, the incubations present nitrifica-
tion potentials, because also microbial growth is included as 
well as nitrification-coupled processes like re-mineralization 
as a source of ammonium and denitrification as a sink of 
nitrate. Hence, the measured nitrification potentials are not 

comparable with in-situ rates, but likely overestimate these 
rates. The incubation time of 15 days is equivalent to the 
minimum residence time of water in the Ems estuary.

To measure gross and net nitrification potentials (GNP 
and NNP, respectively) in water samples, 120  mL of 
fresh water plus 50 µM end concentration of 15N-labelled 
NO3

− were incubated. The incubation of the sediment 
occurred with 40 g fresh sediment plus 100 ml bottom 
water collected at the same location, to which 250 µM end 
concentration of 15N-labelled NO3

− was added. This is a 
modified isotope dilution method (Inselsbacher et al. 2007). 
Both incubations were done on a rotary shaker (110 rpm) 
in 250 mL glass bottles with open caps in the dark at room 
temperature for 15 days. Sub-samples were taken every 2 or 
3 days, centrifuged (15 min, 13,000 g), and nitrite and nitrate 
concentrations were determined immediately by HPLC. 
Incubations were continued until and nitrate concentrations 
in the samples were stable, but not longer than 15 days. In 
total, we conducted triplicate measurements for the water as 
well for the sediment incubations. The calculation of GNP 
was based on the 15N-nitrate dilution method of Norton 
and Stark (2011) using the changes in concentration and in 
δ15NNO3 values. For GNP the changes of δ15N in nitrate were 
included in the calculations (see Eq. 1); the steepest, linear 
part of the slope corresponds with the nitrification rate.

where P is the nitrate concentration, I is the 15 N atom % 
excess, t is the length of incubation time and 0 and t indi-
cate the time points. The NNP was calculated by plotting 
the change in nitrite and nitrate concentration versus time 
(typical raw data presented in Figure S2). In the 15N-labeled 
incubations we analyzed the isotopic composition of nitrate 
using the denitrifier method (Casciotti et al. 2002; Sig-
man et al. 2001), which is based on the isotopic analysis 
of nitrous oxide (N2O) produced from nitrate and nitrite 
by the denitrifying bacterium Pseudomonas aureofaciens 
(ATCC#13985). This method is descripted in detail else-
where (Dähnke et al. 2008).

For the determination of SNP, 30 g fresh sediment and 
75 mL of bottom water (Stations 276–278) or 40 g fresh 
sediment and 100 mL bottom water (Stations 279 and 280) 
enriched with 0.5 mM ammonium sulfate were incubated for 
15 days in the dark at 20 °C on a rotary shaker (100 rpm). 
Sub-samples were taken daily. SNP were calculated by the 
increase of nitrite plus nitrate versus time measured dur-
ing the linear phase according to the protocol of Belser and 
Mays (Belser and Mays 1980), as modified by Verhagen and 
Laanbroek (1991), which occurred mainly in the first 5 days 
of incubation (typical raw data presented in Figure S2).

(1)
Gross nitrification potential (GNP)

=
((

P0 − −Pt
)

∕t
)

× log
(

P0∕Pt
)

∕ log
(

I0∕It
)

,
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DNA extraction and quantitative PCR assay

DNA was extracted from water as well as from sedi-
ment samples by the MoBio PowerSoilKit (MoBio, CA, 
USA) according to the manufacturer’s instructions. For 
the water column samples, filtered material on polycar-
bonate filters was used for the extraction of DNA. Dupli-
cates were obtained by cutting each filter in two. For the 
sediment samples, duplicate 1 g sediment samples were 
extracted. The DNA samples were stored at − 20 °C until 
further processed. The DNA concentrations ranged from 
0.4 to 15.2 ng µL−1 as measured by a Nanodrop spec-
trophotometer [Nanodrop Technology, Wilmington, DE 
(Delaware), USA]. The copy numbers of archaeal and 
bacterial amoA genes were quantified using the primer set 
Arch-amoAF and Arch-amoAR (Francis et al. 2005), and 
amoA-1F and amoA-2R (Rotthauwe et al. 1997), respec-
tively. The bacterial primer amplified just the amoA gene 
of the Betaproteobacteria and excludes the Gammapro-
teobacteria (Rotthauwe et al. 1997). Each reaction was 
performed in a 20 µL volume containing 5 µL DNA solu-
tion, 1 µL of a 5 µM solution of each primer, 1 µL BSA 
and 10 µL of SYBR Green thereby using the Rotor-Gene 
SYBER Green PCR Kit (Qiagen, Hilden, Germany), spe-
cific for the Rotor-Gene 6000 (Qiagen, Hilden, Germany). 
In the quantitative PCR (qPCR) assay, clones of E. coli 
JM109 containing the archaeal or the bacterial amoA gene 
fragment were included as standard, generating standard 
curves with up to seven dilutions. A control reaction with-
out template DNA was included in each qPCR assay. All 
DNA samples and the negative control were analyzed in 
duplicates to obtain an accurate value for the amoA gene 
abundance in each sample. The standard derivation in one 
run was never larger than 1.5%. The qPCR was conducted 
in 40 cycles, the annealing temperature was 56 and 55 °C 
for the archaeal and bacterial amoA genes, respectively. 
Amplification efficiencies of 95–110% were obtained for 
the archaeal and bacterial amoA, respectively, with R2 val-
ues of 0.9988 and 0.9982 and with slopes of − 3.04 and 
− 3.51.

Statistical analysis

All statistical analyses including Principle Component anal-
ysis, the test for normal distribution, the one-way ANOVA 
with Tukey’s HSD Post Hoc test for differences between 
means across groups, the non-parametric Kruskal–Wallis 
test for comparing distributions across groups, the non-
parametric Wilcoxon test for comparing median differences 
between relating samples, and Spearman rank correlation 
analysis, were performed with the IBM-SPSS software pack-
age version 23 (IBM Corp. Armonk, NY).

Results

Water and sediment properties

Water properties varied between the different sampling 
stations (Supplementary Table S1). Water salinity ranged 
from 0.4 to 31.5 PSU in a gradient from the River Ems 
through the Dollard into the Wadden Sea (Fig. 2a). The 
oxygen saturation increased with increasing salinity 
(Fig. 2b). The lowest oxygen saturation values were found 
in the River Ems where salinities were below 3 PSU. The 
oxygen concentration in this oligohaline part of the estu-
ary ranged from 40 to 54 µmol L−1, while oxygen concen-
trations below 62.5 µmol L−1 are assumed to represent 
hypoxic conditions (Friedrich et al. 2014). The fluores-
cence (Fig. 2c) of the water column, being an indicator 
for the presence of phytoplankton, was relatively low and 
decreased with increasing salinity. The turbidity decreased 
strongly with increasing salinity, especially in the river 
and Dollard area. Similarly, the suspended matter concen-
tration changed, but there was no significant correlation 
between SPM and turbidity (Fig. 2d, e), which could be 
due to the use of different methods, i.e. weighting filters 
versus using a sensor, respectively. The amount of sus-
pended matter at sampling Station 280 at km point 22 (i.e. 
18.5 g L−1) was above the mean amount of 31 mg L−1 
measured at the other stations. Station 280 represented 
the high turbidity zone of the estuary. With a water tem-
perature of 24.8 °C (Supplementary Table S1), sampling 
Station 276 was above the mean water temperature of 
23.0 °C. This increased temperature may represent water 
mass distinct from the water masses sampled at the other 
stations. Since both water temperature and amount of sus-
pended matter are likely controlling factors with respect 
to nitrification rates, the outliers were retained in further 
statistical analyses.

Leaving the Dollard, ammonium as well as nitrite 
increased with increasing salinity up to 8.5 and 3.5 µmol 
L−1, respectively (Fig.  3a, b). The major form of dis-
solved inorganic nitrogen (DIN) was nitrate, which clearly 
decreased with increasing salinity (Fig. 3c). Nitrate was 
highest at low salinity (177  µmol L−1) and decreased 
(4 µmol L−1) into the estuary and Wadden Sea.

Both density and porosity of the sediment increased at 
sites with increasing salinity from the river into the outer 
estuary, especially at the oligohaline Stations 278–280 in 
the River Ems itself; the porosity was low with 0.70–0.52. 
The water content of the sediment decreased with increas-
ing salinity (Supplementary Table S1).

A principal component analysis on the environmen-
tal factors measured in the water column of all stations 
yielded three principal components that explained 92.7% 
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of the variance observed with these factors. Salinity, pH, 
oxygen, ammonium and nitrite contributed largely and 
positively to the first principal component (PC1) that 
explained 73.2% of the total variance. Turbidity, fluores-
cence and nitrate contributed also to this principle com-
ponent, but in a negative way. Temperature contributed 
mostly and positively to the second principle component 
(PC2) that explained 10.2% of the total variance, and 
the amount of suspended matter contributed mostly and 
positively to the third principle component (PC3), which 
explained 9.3% of the total variance (Supplementary 
Table S4).

Nitrification potentials in water column 
and sediment

Nitrification potentials were measured in water as well as 
in sediment samples collected at five distinct sampling sta-
tions along the salinity gradient of the Ems estuary (Fig. 1, 
typical raw data presented in Figure S2). Whereas GNP 
and NNP were measured in water column and in sedi-
ment, SNP was only determined in sediments. In the water 
column, GNP and NNP ranged from 0.7 to 6.7 µmol L−1 
day−1 and were highest at the oligohaline Station 280 at 
km point 22 and decreased with increasing salinity until 

Fig. 2   Water column character-
istics along the River Ems estu-
ary. a Salinity; b oxygen satura-
tion; c fluorescence (estimation 
for chlorophyll); d turbidity; 
e suspended matter (SPM). 
The red triangles represent the 
Stations 280, 279, 278, 277, 
and 276, respectively, where 
additional water and sediment 
samples were collected for rates 
and molecular measurements. 
(Color figure online)
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a minimum was reached at the mesohaline Station 279 
at km point 35 (Fig. 4a). Downstream from this station, 
nitrification rates increased again at the oligohaline Station 
277 and 276 at km points 52 and 63, respectively. GNP 
but not NNP were normally distributed according to the 

Shapiro–Wilk test. The distributions of the means of GNP 
and NNP were significantly (p = 0.002) different according 
to the Wilcoxon test and GNP and NNP were significantly 
(p < 0.001) correlated (Supplementary Table S2).

Fig. 3   Dissolved inorganic 
nitrogen concentrations along 
the River Ems estuary. a 
Ammonium; b nitrite; c nitrate. 
The red triangles represent the 
Stations 280, 279, 278, 277, 
and 276, respectively, where 
additional water and sediment 
samples were collected for rate 
and molecular measurements. 
(Color figure online)

Fig. 4   Nitrification rates (a), 
archaeal and bacterial amoA 
gene copy numbers (b) and 
ratios of ammonia-oxidizing 
archaea and bacteria (c) meas-
ured in the water column of the 
Ems estuary. NNP Net nitri-
fication potential, GNP gross 
nitrification potential. AOA 
Ammonia-oxidizing archaea 
and AOB ammonia-oxidizing 
bacteria
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In the sediments, the highest GNP and NNP were 
observed at the mesohaline Station 278 at km point 35 with 
approx. 110 nmol N gdw−1 day−1 (Fig. 5a). Due to decreas-
ing nitrate concentrations during the incubations, no NNP 
could be calculated at the oligohaline Stations 280 and 279 
at km points 22 and 26. The SNP exceeded the gross nitri-
fication rates at the oligohaline Stations 280 and 279 at km 
points 22 and 26 by a factor of four. At the downstream 
mesohaline and polyhaline Stations 278, 277 and 276 at 
km points 35, 52 and 63, respectively, the SNP, GNP and 
NNP were rather similar at approximately 20 nmol N gdw−1 
day−1.

SNP, GNP and NNP in the sediment were not normally 
distributed according to the Shapiro–Wilk test. The distri-
butions of the means of SNP, GNP and NNP in the sedi-
ment were significantly different according to the Wilcoxon 
test (p = 0.017 for net versus gross, p = 0.001 for net versus 
potential, and p = 0.013 for gross versus potential). In the 
sediment, no significant correlations were observed between 
the different nitrification rates in the sediment (Supplemen-
tary Table S2).

Abundances of archaeal and bacterial amoA genes 
in water and sediment

Archaeal amoA genes outnumbered the bacterial amoA 
genes by two orders of magnitude both in the water col-
umn and in the sediment, while the gene abundances gen-
erally decreased with increasing salinity, especially in the 
sediment (Figs. 4b, 5b). In the water column samples, the 

gene numbers of archaeal amoA ranged from 5.03 × 104 
to 2.26 × 106 gene copies L−1 (Fig. 4b). The highest gene 
copy numbers were found at the oligohaline Station 279 at 
km point 26 where the lowest oxygen saturation and the 
highest turbidity and suspended matter concentrations were 
measured. The gene copy numbers of bacterial amoA were 
low and hardly detectable in the water column (detection 
limit ~ 103 L−1). But once again the highest gene abundance 
was found at Station 279 with 2.26 × 104 genes copies L−1 
(Fig. 4b). The bacterial gene abundance in the water column 
was low at Station 276. Archaeal and bacterial amoA genes 
were not detectable at sampling Station 277 at km point 52.

The gene abundance of archaeal amoA in the sediment 
varied from 6.6 × 104 to 2.5 × 109 copies g dw−1 (Fig. 5b). 
The highest gene abundance was observed in samples from 
sampling Stations 280 and 278 at km points 22 and 35, 
respectively, while the gene copy numbers at Station 279 at 
km point 26 were lower. The gene abundances of bacterial 
amoA were lower and ranged between 2.4 × 104 in the outer 
estuary to 3.1 × 107 copies g dw−1 at the mesohaline Station 
278 at km 35 (Fig. 5b). In the polyhaline stations the gene 
abundance was lower than in the oligohaline or mesohaline 
stations.

In the water column as well as in the sediment, the log 
numbers of archaeal and bacterial amoA gene copies, as 
well as the log of the ratio between them, were not normally 
distributed. Only in the sediment, the distributions of the 
medians of archaeal and bacteria amoA gene copy numbers 
were significantly (p = 0.043) different according to the Wil-
coxon test.

Fig. 5   Nitrification rates (a), 
archaeal and bacterial amoA 
gene copy numbers (b) and 
ratios of ammonia-oxidizing 
archaea and bacteria (c) meas-
ured in the sediment of the Ems 
estuary. NNP Net nitrification 
potential, GNP gross nitrifica-
tion potentials, SNP substrate-
induced nitrification potential, 
AOA ammonia-oxidizing 
archaea and AOB ammonia-
oxidizing bacteria
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Discussion

Nitrification potentials in the Ems estuary

Although it is evident that microbial processes both in the 
water column and sediment control the nature of nitrogen 
in estuaries, nearly all studies related to the process of 
nitrification in river mouths focused either on sediments 
or on the water column. A recent paper of Damashek et al. 
(2016) listed published nitrification rates from the water 
columns of different estuaries. The reported nitrification 
rates in estuaries are mainly higher than in marine waters, 
but can vary across a broad range from zero to more than 
360 µmol L−1day−1. This variation in rates is probably 
due to differences in salinity, amount of suspended mat-
ter and ammonium concentration (Damashek et al. 2016). 
Unfortunately, the rates are difficult to compare because 
different approaches have been used. Normally short-
term incubations of 6–48 h were applied. Nevertheless, 
the potentials of 0.7–6.7 µmol L−1 day−1 measured in the 
water column of the Ems estuary fall within the range 
listed by Damashek et al. (2016), but were determined in 
long-term incubations. As mentioned already in the Meth-
ods section, the measured potentials will likely overesti-
mate the nitrification in the water column, because the 
incubations include microbial growth and also nitrification 
coupled process of mineralization. A direct comparison to 
rates measured in the Elbe estuary was possible because of 
using the same method. With up to 7 µmol L−1 day−1, nitri-
fication rates in the port of Hamburg situated in the Elbe 
estuary, are slightly higher than those observed in the Ems 
estuary (Sanders et al. 2017). Like the Ems estuary, the 
Elbe estuary showed higher rates in the freshwater part.

By measuring GNP and NNP as well as SNP in the sed-
iment samples, we got an estimation of the ranges of the 
nitrification potentials in the sediment when ammonium 
or oxygen is not limiting nitrification. The nitrification 
potentials measured in the sediments of the Ems estuary 
showed clearly that the substrate-induced potentials at the 
oligohaline sampling stations are higher than the gross 
and net potentials. At the mesohaline and polyhaline sta-
tions the SNP, GNP and NNP are more similar. In the 
oligohaline part the available ammonium seems to be a 
limiting factor, so that by ammonium addition the poten-
tials rise. The main source for ammonium is the miner-
alization of organic matter as was observed before in the 
freshwater part of the Elbe estuary (Sanders et al. 2017). 
However, the organic matter in the oligohaline part seems 
to be refractory without much fresh material, because the 
C/N values of the suspended matter were higher than 10 
(data not shown) and the fluorescence, an indicator for 
fresh phytoplankton, were low (Fig. 2). Further along the 

estuary, ammonium seems to be available from mineraliza-
tion of fresh organic matter originating from the North Sea 
(Fig. 1). Despite the long incubation times, the measured 
SNP in the Ems estuary were lower than those observed 
in other estuarine sediments like in sediments from the 
Elkhorn Slough estuary and the Sacramento–San Joaquin 
Delta, both in California, which used shorter incubations 
times and which ranged from 5 to 4608 nmol g−1 day−1 and 
from 192 to 3504 nmol g−1 day−1, respectively (Damashek 
et al. 2015; Smith et al. 2015).

One other reason for the lower SNP in the sediments 
of the Ems estuary, at least in the oligohaline sediments, 
could be the hypoxic conditions in the water column. Such 
hypoxic conditions might also have been the cause of the 
absence of net nitrification in sediments located in that 
part of the estuary. Nitrate produced during the process of 
gross nitrification was apparently directly consumed by 
nitrate-consuming processes, of which nitrate reduction 
by denitrification is a likely candidate. Nitrate immobi-
lization is probably of less importance due to low num-
bers of phototrophic algae as can be inferred from the low 
fluorescence values measured in the water column. The 
non-conservative mixing behavior of nitrate in the Ems 
estuary (Fig. 6) indicates a nitrate loss in the salinity gra-
dient between 0 and 22 PSU, whereas in the outer estuary 
a nitrate gain is apparent. Middelburg and Nieuwenhu-
ize (2000) presented data from the late 1990s and found 
that there was a nitrate loss at lower salinities of turbid, 
tidal estuaries. Increased amounts of ammonium, caused 
by a net input from extensive tidal-flat areas, are consecu-
tively nitrified and resulted in a net nitrate gain at higher 
salinities.

Fig. 6   Nitrate versus salinity. The black line indicate a conservative 
mixing behavior, concentration below the line implies nitrate lost and 
concentration above the line means nitrate gain
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Ammonia oxidizer abundances

From the ratio between archaeal and bacterial amoA gene 
copy numbers, it can be concluded that the ammonia-oxi-
dizing archaea dominated the oligohaline and mesohaline 
sampling Stations 278–280, both in the sediment and in the 
water column, whereas more comparable archaeal and bacte-
rial amoA gene abundances were observed at the polyhaline 
sampling stations. The ratio between archaeal and bacte-
rial amoA gene copy numbers decreased with increasing 
salinity both in the water column and in the sediment. A 
decline in this ratio with increasing salinities has also been 
observed at Huntington Beach, California (Santoro et al. 
2008) and at Plum Island Sound, Massachusetts (Bernhard 
et al. 2010). In contrast, an increase in the ratio of archaeal 
and bacterial amoA gene copy numbers was observed in the 
hyper-eutrophic Yong River in China (Zhang et al. 2015). 
Hence, in addition to salinity other environmental factors 
must determine the ratio between the copy numbers of the 
archaeal and bacterial amoA genes. In a study comprising 
sediments from six different estuaries, Caffrey et al. (2007) 
observed a dominance of ammonia-oxidizing archaea, except 
for one high ammonium estuary where ammonia-oxidizing 
bacteria dominated. In a tidal marsh in south-eastern Con-
necticut, Moin et al. (2009) detected always a dominance 
of archaeal over bacterial amoA gene copies. In contrast, 
ammonia-oxidizing bacteria dominated in the sediments of 
Elkhorn Slough, a small agriculture-impacted coastal estu-
ary that opens into Monterey Bay in California (Wankel 
et al. 2011). In sediments at the landward reaches of the 
San Francisco Bay, Damashek et al. (2015) observed strong 
regional differences in ammonia-oxidizing communities 
with ammonia-oxidizing bacteria dominating in ammonium-
rich sediments. In freshwater systems a similar heterogene-
ous assembly of archaeal and bacterial ammonia oxidizers 
was described, but ammonia-oxidizing bacteria were again 
dominant in ammonium-rich creeks (Herrmann et al. 2011). 
Environmental constraints, including most likely ammonium 
availability, seem to govern the dominance of either one of 
the ammonia-oxidizing microbial groups.

Comparison between water column and sediment

To compare the absolute impact of water column and sedi-
ments on the nitrification characteristics of the hyper-turbid 
Ems estuary, we converted the GNP and the amoA gene 
numbers, which were both expressed per g dry sediment, 
in comparable units per L of sediment by application of 
the bulk density determined from each station. Assuming 
that the upper 5 cm of the sediment contains the potentially 
active ammonia-oxidizing cells, the GNP and the amoA 
gene numbers below 1 m2 of sediment can be calculated. 
These rates and numbers can then be compared with the 

rates and gene numbers above 1 m2 of water volume taking 
into account the local depth of the water column at the same 
sampling station. The ratio of these rates and amoA gene 
numbers per m2 reflect the relative impact of water column 
and sediment on the process of nitrification. With increasing 
water depth the relative impact of the water column nitrifica-
tion increased clearly (Fig. 7a, b).

Remarkably, the water to sediment ratios of both archaeal 
and bacterial amoA gene copy numbers were significantly 
correlated (p < 0.001, Supplementary Table S2) as can also 
be observed in Fig. 7a. This correlation suggests that both 
variables are governed by the same factor, which is likely 
the resuspension of sediment particles with their attached 
ammonia-oxidizing microorganisms in the water column. 
Although we have not determined particle-associated nitri-
fication rates in the water column of the Ems estuary, the 
significant and positive correlation between both GNP and 
NNP, and the third principle component of a PCA analysis 
that largely represents the amount of suspended particulate 

Fig. 7   Ratios of archaeal and bacterial amoA gene abundance and 
gross nitrification rates. a amoA gene archaea and bacteria observed 
in water column versus sediment of the Ems estuary converted to 
copies per m2. b Ratio of gross nitrification rates obverted in water 
column versus sediment converted to µmol per dm2 and day
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matter, makes it likely that a large part of the active ammo-
nia-oxidizing cells was particle-associated as well. In the 
tidal River Elbe, the contribution of attached bacteria to 
the total number ranged from 50 to 100% depending on the 
load with suspended particulate matter in the water (Stehr 
et al. 1995). In the Scheldt estuary particle-associated nitri-
fication rates varied between 57 and 80% depending on the 
month of sampling (de Bie et al. 2002). The local similarity 
in water—sediment partitioning of archaeal and bacterial 
amoA genes along the estuary of the Ems River suggests a 
close relationship between the ammonia-oxidizing commu-
nities in sediment and water column. The existence of such 
a close relationship would be strengthened by an analysis 
of the species diversity of ammonia-oxidizing archaea and 
bacteria in sediment and water column. The hyper-turbid 
Ems estuary seems to be a well-suited environment to con-
duct such analyses.

Environmental factors and potential controlling 
factors affecting nitrification

Some significant correlations were found in a Spearman rank 
correlation analysis between the three principle components 
and the nitrification-related factors measured in the water 
column (Table 1). The GNP and NNP in the water column 
correlated significantly (p = 0.037) and positively with the 
third principle component, i.e. with the amount of suspended 
particulate matter, which could imply that nitrification in the 
water column was largely particle-bound. Also Damashek 
et al. (2016) observed a significant correlation between nitri-
fication rates and the amounts of suspended particulate mat-
ter in turbid, nutrient-rich estuarine waters of San Francisco 
Bay. Also in the water column of the Ems estuary, the log 
of the archaeal amoA gene copy numbers, but not the log of 
the copy numbers of the bacterial amoA gene, correlated sig-
nificantly (p < 0.001) and positively with the first principle 
component, which was mainly positively affected by salinity, 

oxygen, ammonium and nitrite and negatively by turbidity, 
fluorescence and nitrate. Hence, nitrification rates and abun-
dance of archaeal amoA genes were governed by different 
environmental factors, which agree with the absence of a 
significant correlation between potentials and numbers of 
amoA gene copies. So, it may cautiously be concluded that 
a large fraction of the amoA gene pool in the water column 
of the Ems estuary is not actively involved in the process 
of ammonia oxidation. This agrees with the conclusion of 
Bernhard and Bollmann (2010), that there is not necessarily 
a causal relationship between rates and gene abundance. An 
explanation could be that ammonia-oxidizing archaea can 
also grow mixotrophic and use other energy sources (Qin 
et al. 2014) or that we overlooked the ammonia-oxidizing 
Gammaproteobacteria, because of the primer set used. For 
identifying active parts of the ammonia-oxidizing commu-
nity, the analysis of amoA gene transcripts may be a solution. 
However it should be kept in mind that especially the ammo-
nia-oxidizing archaea may be able to maintain a relatively 
high level of amoA gene transcripts during the stationary 
phase as was shown for archaeal oxidizers enriched from 
freshwater (French and Bollmann 2015).

A Spearman rank correlation analysis between measured 
sediment characteristics and nitrification-coupled factors 
showed a significant (p = 0.037) correlation between the 
log of the copy numbers of the archaeal amoA gene on one 
side and the water content of the sediment (positive) and 
the porosity (negative) on the other side (Supplementary 
Table S3). So the higher the water content and the lower 
the porosity of the sediment, the higher the abundance of 
the archaeal amoA genes. However, this does not necessar-
ily mean that water content and porosity are controlling the 
abundance of archaeal amoA genes as both factors are part 
of a complex of sediment characteristics connected to the 
estuarine gradient that had not been determined. The log of 
the bacterial amoA gene copy numbers did not show a sig-
nificant correlation with one of the sediment characteristics.

Table 1   Spearman rank 
correlations between 
measured ammonia oxidation 
characteristics and the three 
most principle components 
from a principle component 
analysis based on measured 
environmental factors in the 
water column (PC1, PC2, PC3)

PC1: main contributors salinity, oxygen, ammonium and nitrite positive and turbidity, fluorescence and 
nitrate negative, PC2: main contributor temperature, PC3: main contributor SPM
Correlation coefficients (Spearman’s rho) and the corresponding significance values are presented above 
and below the diagonal, respectively
NNP Net nitrification potential, GNP gross nitrification potential, AOA copy number of the archaeal amoA 
gene, and AOB copy number of the bacterial amoA gene

NNP GNP log AOA log AOB PC1 PC2 PC3

NNP 1.000 0.600 0.800 − 0.500 0.100 0.900
GNP 0.000 0.600 0.800 − 0.500 0.100 0.900
Log AOA 0.400 0.400 0.800 − 1.000 − 0.800 0.600
log AOB 0.200 0.200 0.200 − 0.800 − 0.400 0.800
PC1 0.391 0.391 0.000 0.200 0.600 − 0.600
PC2 0.873 0.873 0.200 0.600 0.285 0.200
PC3 0.037 0.037 0.400 0.200 0.285 0.747
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Concluding remarks

To underpin the importance of the process of nitrification for 
the Ems estuary, a follow-up study on the coupling of this 
process with other nitrogen-converting processes should be 
done. For example, a question that remains from this present 
study is the existence of a direct coupling between nitrifi-
cation and nitrate reduction in the top 10 cm layers of the 
sediment leading to zero or low NNP as measured in the 
oligohaline and polyhaline sediments, respectively. Why was 
nitrate consumption lacking in the mesohaline sediments of 
the Dollard, where GNP and NNP were rather similar? The 
coupling of other N-cycle processes like denitrification and 
mineralization to nitrification will change the filter function 
of the estuary to a sink or a source of nitrate, respectively. 
The study of the N-cycle in estuaries will help to under-
stand the impact of estuaries on the eutrophication of coastal 
waters and to learn how that can be changed.
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