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Ocean acidification (OA), caused by the dissolution of increasing concentrations of atmospheric carbon dioxide (CO2) in seawater, is projected to
cause significant changes to marine ecology and biogeochemistry. Potential
impacts on the microbially driven cycling of nitrogen are of particular concern. Specifically, under seawater pH levels approximating future OA
scenarios, rates of ammonia oxidation (the rate-limiting first step of the nitrification pathway) have been shown to dramatically decrease in seawater, but
not in underlying sediments. However, no prior study has considered the
interactive effects of microbial ammonia oxidation and macrofaunal bioturbation activity, which can enhance nitrogen transformation rates. Using
experimental mesocosms, we investigated the responses to OA of ammonia
oxidizing microorganisms inhabiting surface sediments and sediments
within burrow walls of the mud shrimp Upogebia deltaura. Seawater was
acidified to one of four target pH values (pHT 7.90, 7.70, 7.35 and 6.80) in
comparison with a control ( pHT 8.10). At pHT 8.10, ammonia oxidation
rates in burrow wall sediments were, on average, fivefold greater than in
surface sediments. However, at all acidified pH values (pH  7.90), ammonia
oxidation rates in burrow sediments were significantly inhibited (by 79–97%;
p , 0.01), whereas rates in surface sediments were unaffected. Both bacterial
and archaeal abundances increased significantly as pHT declined; by contrast,
relative abundances of bacterial and archaeal ammonia oxidation (amoA)
genes did not vary. This research suggests that OA could cause substantial
reductions in total benthic ammonia oxidation rates in coastal bioturbated
sediments, leading to corresponding changes in coupled nitrogen cycling
between the benthic and pelagic realms.

1. Introduction
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In the past 200 years, increasing levels of atmospheric CO2 dissolving in the
world’s oceans have caused the pH of surface waters to decrease by 0.1 units to
an average of pH 8.10, a process termed ‘ocean acidification’ (OA). By the end
of this century, global ocean surface pH could decrease by a further 0.3–0.5
units [1,2]. Varying responses to OA, both positive and negative, have been
observed in marine organisms. However, there have been relatively few studies
that have investigated the impacts of OA on microbial processes, particularly
those that affect the major biogeochemical cycles within the ocean [3,4]. Of
these, it is generally assumed that the marine nitrogen cycle will be especially
susceptible to disruption [5]. In particular, ammonia oxidation rates in seawater
have been shown to decline by 3–44% as a linear function of decreasing pH, in
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2. Material and methods
(a) Benthic mesocosm system and sampling
Manipulative experiments designed to assess the medium-term
(14-week) impacts of OA upon benthic ammonia oxidation
rates and carbon chemistry were carried out within the benthic
mesocosm of the Plymouth Marine Laboratory. Sandy-mud sediment [40% sand (2 – 0.063 mm); 60% mud (less than 0.063 mm)]
was collected on 29 September 2009 using a box corer from a
site in Jennycliff Bay, Plymouth Sound (50.346 N, 04.127 W;
10 m water depth). This sediment was defaunated of large
macrofauna by hand as previously described [26] and used to
fill 20 sediment cores (65 cm deep, internal diameter 30 cm).
Any U. deltaura recovered were placed in individual plastic
mesh containers and immersed in continuously flowing seawater. Sediment cores were randomly distributed between 10
tanks (see the electronic supplementary material), topped up
with seawater and allowed to settle overnight. Each tank was
filled with seawater on 1 October, 2009 before shrimp were
added. Ten individuals of U. deltaura were collected from the Jennycliff Bay site on 29 September, and on 1 October a single
U. deltaura (equivalent to a population density of 14 individuals
m22) was introduced into each of 10 of the sediment cores to be
used in this experiment (see electronic supplementary material,
figure S1). As the first sampling trip did not yield enough
shrimp for the study, on 7 October a second group of shrimp
were collected from Jennycliff Bay and introduced into the
remaining 10 cores (see electronic supplementary material,
figure S1). All shrimp were weighed (blotted wet weight) prior
to addition to the sediment and monitored to ensure that they
successfully established sediment burrows.
Seawater was collected from the L4 site in the Western English Channel (www.westernchannelobservatory.org.uk) and
filtered (1 mm) prior to addition to the tanks. Ambient air (at
approximately 380 ppm CO2) was bubbled through each tank
from an external air supply. For each row, water was allowed
to circulate freely between tanks for approximately nine weeks
before acidification treatments were started. This settling period
was to allow shrimp to establish their burrows and to allow
microbial communities to regain their spatial structure after sediment disturbance during collection. At the end of this period,
between-tank circulation was stopped, and each tank thereafter
treated separately.
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by reduced seawater pH. However, thus far, these effects
have only been demonstrated at very low pH (less than pH
7.00) in ‘mimic’ burrows composed of transparent plastic
tubing housed in experimental aquaria [28].
In this study, we present ammonia oxidation rate data
from a 14-week mesocosm study of coastal muddy-sand sediment inhabited by individual U. deltaura and acidified (by
CO2 addition) to one of four pH treatments (7.90, 7.70, 7.35,
6.80), compared with an ambient control treatment (8.10).
Ammonia oxidation rates were measured at all pH levels in
sediment collected from the shrimp burrow walls and sediment surface, as well as in the overlying water. Ammoniaoxidizing bacteria (AOB) and ammonia-oxidizing archaea
(AOA) were enumerated using quantitative polymerase chain
reaction (q-PCR). In order to assess the physiological responses
of the shrimp to decreasing pH, we also measured changes in
shrimp haemolymph pH, as an indication of extracellular
acidosis. The results presented here enhance our understanding of how ecosystem-level responses to OA are both
complex and likely to be dependent upon interactions between
multiple life forms.

rstb.royalsocietypublishing.org

both in situ and experimental studies covering a range of pH
values (from 6.0 to approx. 8.10) [6–9].
Ammonia oxidation is generally considered to be the critical
rate-limiting step of the nitrification process, which converts
ammonium to nitrate via ammonia oxidation (NH4þ !
NO22) and nitrite oxidation (NO22 ! NO32). As such, ammonia oxidation rates are often measured as an indication of
overall nitrification rates. The significant inhibition of ammonia
oxidation rates within the water column is widely thought to be
due to the kinetics equilibrium of the NH3/NH4þ redox-pair,
which predicts a reduced availability of NH3, the substrate for
ammonia oxidation, at pH levels below pH 8.0 [10,11].
Sediments are particularly important sites for microbially
driven transformations of nitrogen, where nitrification provides an essential link between organic matter degradation
and nutrient regeneration, thus supporting primary productivity in marine ecosystems [12,13]. Potential nitrification
rates can be 10–1000-fold higher in sediments than in the overlying water [14]. Recently, we have shown [8] that for several
different sediment types a reduction in seawater pH had no
effect upon ammonia oxidation rates in surface sediments,
in contrast to the reduction in rates observed within the corresponding overlying water samples. We suggested two reasons
for this discrepancy: firstly, that the dissolution of carbonate
minerals within the sediment may act to buffer the pore
water pH, minimizing the effect of OA, and/or, secondly,
that a change in the structure of microbial nitrifying communities occured within the sediment, favouring bacteria or
archaea that are more tolerant of low-pH conditions [8].
A further consideration highlighted by Blackford &
Gilbert [9] is the specific effects of OA on benthic macrofauna,
which can enhance the fluxes of dissolved inorganic nitrogen
across the sediment – water interface, as well as the rates of
denitrification and coupled nitrification –denitrification [15].
Current models for predicting future nitrification rates in
North Sea coastal zones do not consider such interactions
[9]; however, studies involving macrofaunal bioturbators
reveal that significant changes to nutrient fluxes across the
sediment –water interface can occur at reduced seawater pH
[16 –19]. In order to understand the impacts of OA on
marine ecosystems, it is therefore important to consider
benthic, as well as pelagic, systems.
Thalassinidean shrimp (mud or ghost shrimp) are one of
the most active groups of burrowing macrofauna in coastal
and estuarine sediments, globally [20,21]. Of these, the
species Upogebia deltaura (Leach, 1815) [22] is distributed
between Norway and the Mediterranean Sea and is highly
abundant in the Irish Sea, the Black Sea, the North Sea and
the Baltic Sea, where it has been found at densities of up to
50 individuals per m2 [23,24]. U. deltaura is one of two species
of thalassinidean shrimp which dominate the soft sediments
of Plymouth Sound (UK) [25]. We have previously shown
that the large, semi-permanent burrows of this species support bacterial communities that are distinct from, and more
diverse than, the surrounding surface and subsurface ambient sediment [26]. Additionally, the presence of U. deltaura
is known to increase threefold the rates of denitrification
and coupled nitrification –denitrification within the sediment
[27]. Therefore, we have used U. deltaura as a model bioturbator whose activities significantly enhance the microbially
driven cycling of nitrogen within coastal sediments. A previous study [28] of the effects of OA on this species
indicates that it is physiologically and behaviourally affected
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Ammonia (NH3) oxidation rates were determined from sediment collected from a range of depths within the shrimp
burrow walls (see electronic supplementary material for
sampling strategy), from the surface sediments from each core
and in the overlying water as previously described [8]. Briefly,
for each sample, 24-h slurry type incubations were set up in
three sets of triplicate bottles. For sediment slurries, vials were
filled with approximately one-third sediment and approximately
two-thirds seawater from the corresponding pH, while seawater
alone was used only for overlying water incubations. Following
incubations, the vials were dried and weighed to determine the
dry weight of sediment in each bottle, which was converted
into wet sediment weight using the sediment porosity determined separately. Two of these sets of vials were treated with
allylthiourea (ATU) in order to inhibit NH3 oxidation, and
the remaining set was treated with sodium chlorate (NaClO3)
to inhibit NO22 oxidation. NH3 oxidation rates were calculated
as accumulation of NO22 in the NaClO3 treatment compared
with the ATU treatments from T0 and T24, with NO22 accumulation being determined by colorimetric assay [8,29]. We
observed no additional NO22 production in ATU-treated vials
at T24 in comparison to the start of the experiment (T0), indicating
that ammonia oxidation was completely inhibited by ATU.
Parallel incubations completed over 12, 24 and 48 h indicated
that oxygen was not limited within the slurry incubations
performed here.

(c) Microbial gene abundances
DNA was extracted from 0.5 g sediment samples using a beadbeating technique with phenol–chloroform, as previously described
[26]. q-PCR assays were performed in order to quantify bacterial
and archaeal 16S rRNA and amoA genes, using the primers and
conditions stated in the electronic supplementary material.

(d) Carbon system measurements
Alkalinity samples (250 ml) were poisoned with 50 ml of a saturated solution of mercuric chloride (HgCl2) and analysed using
potentiometric open-cell titration [30]. Elemental (CHN) analyses
were performed according to Head et al. [31]. Carbonate system
parameters ( pCO2, dissolved inorganic carbon (DIC) and calcite
and aragonite saturation states) for the overlying water in each
tank for the experiment duration were calculated in CO2SYS

(e) Shrimp haemolymph pH
As soon as each shrimp was exposed within its burrow during
sampling, it was removed from the sediment, dried gently by dabbing with a paper towel and weighed. Haemolymph was then
extracted and its pH measured as previously described [28]. Typically, between 0.5 and 1.5 ml of haemolymph was collected,
depending on the size of the shrimp. In some cases, it was impossible to collect enough haemolymph for accurate pH measurement.

(f ) Statistical analyses
Statistical analyses for rate measurements and gene abundance
were performed in PRIMER v. 6.1 [33]. Data were transformed
as stated subsequently in order to approximate normal distribution. The appropriate similarity matrices were then created
from transformed data in PRIMER v. 6.1. Bray–Curtis resemblance
matrices were used for gene data throughout this study, whereas
Euclidean Distance similarity matrices were used for all process
rate and environmental data. Significant differences between treatment groups were tested for using the PERMANOVAþ add-on
[34]. For all tests, fixed factors were used (i.e. sediment category
or pH treatment) in a crossed design, and 95% CIs ( p , 0.05)
were used as cut-off levels for significance. The degrees of freedom
for individual tests are reported (Fd.f.1,d.f.2).

3. Results
(a) Ammonia oxidation response to pH
Ammonia oxidation rates in the overlying water decreased
with reduced pH (figure 1). From the best linear fit to the
data (R 2 ¼ 0.72), the ammonia oxidation rate in seawater
(normalized to the concentration of ammonium in the
water) can be calculated as
NH3 oxidation (mmol l1 h1 ðmM NH4þ Þ1 )
= 0.004 pH  0.0256.

ð3:1Þ

Using this equation, the ammonia oxidation rates observed
here decreased by 23% between the mean pre-exposure pH
(8.06; table 1) at the beginning of this experiment and a
year-2100 ‘worst-case scenario’ pH of 7.67 [9].
Within the sediment, there was a significant interaction
between pH and sediment category (surface or burrow wall
sediment; F4,47 ¼ 5.08, p , 0.01). Within surface sediments,
there was no significant effect of pH on ammonia oxidation rates (F4,15 ¼ 1.09, p . 0.05). However, within burrow
wall sediments, ammonia oxidation rates decreased by 80%
from pH 8.10 to 7.90 (F1,14 ¼ 2.64, p , 0.03) and by
a further 83% between pH 7.90 and 7.70 (F1,14 ¼ 5.10,
p , 0.01; figure 1). There were no further significant differences between ammonia oxidation rates in burrow
sediments at pH 7.70, 7.35 and 6.80. However, at pHT 7.35
and 7.70, the burrow wall ammonia oxidation rates were
lower than those in surface sediments at these pH levels
(F1,7 ¼ 5.84 and 4.85, respectively; p , 0.01; figure 1). At pH
7.90 and 8.10, there was no significant difference between
the ammonia oxidation rates in burrow sediment and surface
sediment, although at pHT 8.10 burrow wall rates were,
on average, five times higher than surface rates (figure 1).
Furthermore, it is clear that at pH 8.10 there was more

3

Phil Trans R Soc B 368: 20120441

(b) Ammonia oxidation rate measurements

[32], using measured temperature, salinity, alkalinity and pH
values as well as silicate and phosphate concentrations.

rstb.royalsocietypublishing.org

For 16 of the sediment cores, the overlying seawater was
acidified to one of four target pH treatments ( pHT 7.90, 7.70,
7.35 and 6.80) using CP grade 99.95% CO2 gas (BOC, Manchester, UK). Four cores were kept at control pH ( pH 8.10). Each
treatment comprised four replicate sediment cores with an individual burrow in each core, with the exception of pHT 6.80, in
which one shrimp failed to burrow. Temperature, pH, salinity
and alkalinity in the overlying water were monitored throughout
the 14-week exposure period. Detailed descriptions of the acidification system and sediment sampling strategy are provided in
the electronic supplementary material. Briefly, at the end of the
exposure, the cores were drained and ammonia oxidation rate
measurements made within overlying water samples as well as
in surface sediment samples. The sediment cores were then
extruded using a hydraulic pump to expose sediment horizons
at 5 cm intervals, as previously described [26]. Shrimp burrows
were broken apart by hand, and sediment samples for ammonia
oxidation rates were taken from the burrow wall. Additional
samples for elemental (CHN) and molecular analyses were
taken from the burrow wall at the depths indicated in the electronic supplementary material, frozen immediately and stored
until analysis.
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Figure 1. Ammonia oxidation rates in sediments (left-hand axis) and overlying water column (right-hand axis). Rates were determined for different pH treatments
after a 14-week exposure period. Surface sediment (dark grey bars); burrow sediment (light grey bars). Water-column ammonia oxidation rates (filled circles) are
normalized to water column [NH4þ]. Error bars represent standard deviation; for water column, n ¼ 3; for surface sediments, n ¼ 4; for burrow sediments, n ¼ 8
except for pHT 6.80, where n ¼ 5 (see electronic supplementary material). Significant differences in ammonia oxidation rates between different pH treatments are
indicated by different lower case letters for surface sediment and different capital letters for burrow sediment. Within individual pH treatments, an asterisk (*)
indicates a significant difference in ammonia oxidation rates between surface and burrow sediments.
variability in burrow wall rates (NH3 oxidation (mmol l21 h21
ml21 wet sediment) range: 0.004–0.028 in surface sediments;
0.001–0.100 in burrow sediments).

(b) Changes to the carbon system
As these experiments were carried out using pH-controlled
systems, the pH remained stable at the target treatment
values ( pHT) over the exposure period. Measured pH and
calculated pCO2 levels were significantly different between
different treatments ( pH: F4,94 ¼ 474, p , 0.01; pCO2: F4,94 ¼
343, p , 0.01; table 1). In all pH treatments, total alkalinity
(figure 2) increased significantly after 14 weeks (F72,94 ¼
5.64, p , 0.01; table 1). In particular, alkalinity increased
overall in the pH 7.35 and pH 6.80 treatments by 26% and
46%, respectively, compared with an average 6.8% increase
for other treatments. In all treatments, pCO2 increased by
the end of the 14-week exposure (table 1) as a result of the
increase in total alkalinity, which altered the carbonate
chemistry of the seawater. Calculated DIC (using CO2SYS)
therefore also increased significantly throughout the
exposure period (F72,94 ¼ 2.99, p , 0.01; table 1). For pH
7.70, 7.90 and 8.10, DIC increased by an average 9%. For
pH 7.35 and 6.80, the increase in DIC was 32% and 65%,
respectively. The observed increases in DIC and alkalinity
were of an asymptotic function, showing that the carbonate
system was adjusting to a new state over time (ca 50 days).
There was a significant, negative overall effect of reduced
pH on sediment inorganic carbon content (F4,49 ¼ 3.67,
p , 0.05; figure 3a). The % inorganic carbon was significantly
lower at pHT 6.80 than at pHT 8.10, 7.90 and 7.35 (F1,17 ¼ 3.04,
F1,22 ¼ 2.94 and F1,15 ¼ 2.54, respectively; p , 0.05). This
effect was seemingly greatest within surface sediments
(figure 3a); however, post hoc tests revealed no significant
differences between pH levels within individual sediment
categories. Overall, the inorganic carbon (CaCO3) content in

both surface and burrow sediments was low (below 2.5%).
Organic carbon content did not differ significantly with either
sediment category or pH (figure 3a). In general, total nitrogen
did not vary between surface or burrow sediments, but organic
nitrogen content (%) was significantly higher in burrow and
surface sediments at pH 6.80 (F4,50 ¼ 5.29, p , 0.05; figure 3b),
when compared with higher pH treatments.

(c) 16S rRNA and amoA gene abundances
Bacterial and archaeal 16S rRNA gene abundances increased
significantly with a reduction in pH (figure 4a,b). Bacterial and
archaeal amoA gene abundances also increased at low pH;
however, this effect was only significant for archaeal amoA
(figure 4d). Bacterial amoA genes were on average 1.5 times
more abundant in surface sediments than in burrow sediments
(figure 4c). There were no significant interactions ( p . 0.05)
between sediment category (surface versus burrow) and pH
for any of the genes studied herein. Bacterial amoA and 16S
rRNA genes were on average 1.3 and eight times more abundant
than the corresponding archaeal genes, respectively; however,
there was no distinct trend in the ratio of bacterial : archaeal
genes with pH or between sediment categories.
In order to assess the impacts of pH on functional genes
relative to the changes to the total microbial community,
amoA gene abundances were normalized to the abundance of
the appropriate 16S rRNA gene and plotted as % relative abundance (figure 4e,f). While the relative abundance of bacterial
amoA genes was typically 1.5–3%, the relative abundance of
archaeal amoA was between 10 and 20%. Both bacterial and
archaeal amoA had a higher relative abundance within surface
sediments than within burrow sediments; however, there were
no significant differences in relative abundance with pH
(figure 4e,f). There was no significant correlation ( p . 0.05)
between either bacterial or archaeal amoA gene numbers and
rates of ammonia oxidation.
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Table 1. Physico-chemical variation within the carbonate system pre-exposure (PE) and at the start (s) and end (e) of the 14-week pH-exposure period. Mean values (M) + standard deviation (s.d.) are shown (n ¼ 19). pH, alkalinity,
temperaturea and salinity were measured within mesocosm tanks as described in the electronic supplementary material. Values for pCO2, dissolved inorganic carbon (DIC), calcite saturation state (Vcal ) and aragonite saturation state
(Varag) were calculated using CO2SYS [32].
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Figure 2. Water column total alkalinity for different pH treatments over a 14-week exposure period, beginning on 2 December 2009 and ending on 5 March 2010.
pH treatments are as indicated. Error bars represent standard deviation for duplicate tanks within each pH treatment (n ¼ 2).
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16S rRNA; (c) bacterial amoA; (d) archaeal amoA; and variation in amoA relative abundance (normalized to the appropriate 16S rRNA gene abundance) in burrow
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panel, statistical differences in gene abundances are shown between sediment category (surface versus burrow; Sed) and pH. PERMANOVA tests were performed on
Bray –Curtis resemblance matrices derived from log (x þ 1)-transformed q-PCR abundance data. F values significant at p , 0.05 (*) and p , 0.01 (**) are shown.
n.s., not significant.

(d) Shrimp haemolymph pH and mortality
Out of 20 shrimp, a total of four shrimp did not survive the
exposure period. Two shrimp from pH 6.80 and one shrimp
from pH 7.35 were found dead within their burrows on the
sampling date indicated (table 2); a third shrimp from pH
6.80 had already been found dead outside of its burrow prior
to the end of the exposure. This burrow was then considered
to be a ‘relict’ burrow, which may be subject to passive flushing
[35]. Shrimp haemolymph pH (table 2) was significantly
lower at pHT 6.80 and 7.35 than at pHT  7.70 (F1,12 ¼ 6.80,
p , 0.05), indicating the occurrence of extracellular acidosis
below pHT 7.70.

7

alkalinity within the overlying waters; and thirdly, a notable
decrease in inorganic carbon content within surface sediments.
These changes were concurrent with an apparent decline in
shrimp physiological function, indicated here by extracellular
acidosis and mortality below pHT 7.70. We propose that
our current understanding of the impacts of OA on coastal ecology and biogeochemistry is limited by studying its effects on
individual species or systems. Specifically, the relationship
between benthic macrofaunal activity and sediment microbial
processes is likely to produce a complex ecosystem response
to OA which may depend upon multiple species interactions.

4. Discussion

(a) Changes to the carbon system may favour
heterotrophs and buffer decreased pH in
surface sediments

The current study has revealed considerable changes to the
sediment system with declining pH. In particular, low-pH conditions in the overlying water caused: firstly, a significant
reduction in ammonia oxidation rates within burrow wall sediments in contrast to surface sediments; secondly, increased

Sediment microbial communities already experience considerably lower pH conditions than those in the water column,
owing to the production of CO2 during remineralization
reactions that consume organic matter [36]. Experimental evidence so far has indicated the important role of metabolically
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abundance (g–1 sediment)

pH 7.08**
Sed n.s.

1×108

(c)

relative abundance (%)

(b)
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abundance (g–1 sediment)

(a)
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core no.
6
24
25

treatment pH

date collected

end date

change in weight,
% of initial weight

haemolymph pH

1.3

8.10

29.09.09

08.03.10

þ8.62

n.d.

29.09.09
07.10.09

08.03.10
08.03.10

212.52
þ4.63

7.78
n.d.

07.10.09

08.03.10

þ13.66

7.79
7.79 + 0.01

29.09.09
29.09.09

09.03.10
09.03.10

þ2.52
þ51.15

8.02
7.92

07.10.09

09.03.10

þ10.85

7.72

07.10.09

09.03.10

þ0.13

7.72
7.85 + 0.15

29.09.09
29.09.09

10.03.10
10.03.10

þ17.54
þ14.51

8.04
7.83

07.10.09

10.03.10

þ7.85

7.86

07.10.09

10.03.10

þ5.24

7.94
7.92 + 0.09

29.09.09
29.09.09

11.03.10
11.03.10

þ14.48
þ22.65

7.25
7.64

07.10.09
07.10.09

11.03.10
11.03.10

n.d.a
25.05

n.d.a
7.37

3.3

14
9
8

1.4

5

2.3

7.90

11
13
15

1.1

12

2.2

7.70

19
17
1

2.4

22
10

3.2

7.35

7.42 + 0.20
16
7

1.2

3
21

3.4

6.80

a

29.09.09
29.09.09

12.03.10
12.03.10

n.d.
þ43.70

n.d.a
7.53

07.10.09
07.10.09

12.03.10
12.03.10

n.d.b
n.d.c

n.d.b
n.d.c

a

Found dead (within burrow) on end date indicated.
Found dead (outside burrow) on 22 January 2010.
c
Found dead on date indicated; no burrow established.
b

derived CO2 in reducing the carbonate saturation state of the
sediment, and therefore driving dissolution [37–41]. Within
this current study, the fraction of inorganic carbon within the
sediment decreased at low pH, concurrently with an increase
in alkalinity in the overlying water. By controlling pH in our
experimental system, we induced large increases in the seawater pCO2 as the carbon chemistry adapted over time.
While the pCO2 levels reported here therefore exceed those
for the corresponding future OA scenarios, it is interesting to
note that the maintenance of constant pH within each treatment caused such a shift in the carbon system. It is predicted
that the rates of pH-induced dissolution of carbonate minerals
in sediments will significantly increase under OA conditions
[42]. The pH buffering that occurs within sediment pore
waters as a result of carbonate dissolution is one possible explanation for why decreasing seawater pH had no significant
effect upon ammonia oxidation rates in surface sediments
within this study. However, previous studies using bioturbating heart urchins in both sandy and muddy sediments have
shown that after long-term (greater than 20 weeks) exposures,

the sediment pH profiles are significantly altered by reduced
pH in the overlying water, irrespective of sediment type
[18,43]. It therefore seems likely that pore water pH buffering
does not fully compensate for the effects of OA. Other changes
may occur within the benthic environment that may also
impact upon sediment pH and metabolic CO2 production.
Delille et al. [44] suggested that under high-CO2 conditions,
the flux of particulate organic carbon to the seafloor may
increase. This is probably owing to an over-production of
carbon by primary producers under high-CO2 conditions,
causing increased exudation of polysaccharides which act as
stimuli for particle aggregation [45]. The increased sedimentation of organic matter could lead to greater microbial
production rates in surface sediments [46,47]. Within this
current study, it was assumed that the input of new CaCO3
and organic matter to the sediments was minimal, owing to
the closed-system nature of the mesocosm facility. However,
under low-pH conditions, there was an increase in the
abundance of both bacterial and archaeal 16S rRNA genes,
indicating that at least some microbial groups responded
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tank no.

8
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Table 2. Distribution of shrimp weights across treatments, indicating the change in weight as a % of initial weight and the ﬁnal haemolymph pH of the
shrimp. Core and tank numbers refer to those depicted in the electronic supplementary material, ﬁgure S1. The mean (+s.d.) haemolymph pH for each
treatment is shown in italic, except for pHT 6.80, for which only one observation was made. n.d., not determined.
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Ammonia oxidation rates within burrow wall sediment
decreased drastically at reduced pH; however, it is important
to note that this was not simply an inhibition of the ‘normal’
rates. Instead, at the control pH ( pHT 8.10), the burrow wall
sediments supported, on average, fivefold greater rates compared with surface sediments, indicating active stimulation of
ammonia oxidation. Conversely, at pH levels below 7.90,
ammonia oxidation rates within burrow sediments were
inhibited in comparison to rates in surface sediments. Evidently, within sediments heavily populated by U. deltaura
(or similar bioturbators), this could have a significant
impact upon the exchange of nutrients within the system.
For example, the presence of U. deltaura has been shown to
cause a threefold increase in coupled nitrification– denitrification rates within the bulk sediment [27]. Any decrease in
nitrification activity could therefore have impacts on other
key ecosystem functions, such as denitrification. Interestingly,
the burrow wall sediments within the uninhabited ‘relict’
burrow at pHT 6.80 showed the highest ammonia oxidation
rates within this treatment (equal to the rates observed within
surface sediments). This supports the notion that these relict
structures continue to act as important sites for biogeochemical
cycling via passive flushing of the burrow [50–52].
The shrimp within this current study were apparently
unable to compensate for external changes in pH below
pHT 7.70. In agreement with this finding, Donohue et al.
[28] studied the effects of reduced seawater pH on U. deltaura
kept in individual ‘mimic’ burrows constructed from plastic
tubing and found that the shrimp experienced extracellular
acidosis at pHT  7.35. While the authors of this previous
study found no other indications of physiological stress in
the shrimp, they observed behavioural differences at reduced
pH. For example, prior to 100% mortality by the end of the
35-day exposure period, shrimp kept within pHT 6.71 spent
a higher proportion of time beating their pleopods (walking
legs) [28]. The authors suggested that this behaviour was
an attempt by the shrimp to increase their oxygen supply
in response to metabolic stress [53]. However, it could also
be interpreted as an attempt at ‘flushing’ the burrow of the
build-up of metabolic waste products; such as hydrogen sulfide (H2S or HS2), nitrous acid (HNO2; at low pH) or NH3 (at
high pH). Hansen et al. [54] showed that nitrifiers that have
undergone periods of inactivity owing to anoxia are able to
recover almost instantly following re-exposure to O2. By

(c) Cell-specific ammonia oxidation rates may decline
at low pH
Gene abundance data must always be interpreted with the
caveat that not all of the target genes and/or phylotypes
will always be detected, and so any discrepancies between
gene abundance data and process rate measurements may
merely be reflective of this gap in the data. For example,
the PCR primers used in this study targeted only betaproteobacterial ammonia oxidizers. Gammaproteobacterial AOB
have been detected in low abundance within the water
column [67,68] but may be widespread in marine sediments
[69]. It is also probable that some members of the community,
for both AOB and AOA, are missed by the use of single amoA
primer sets. Sintes et al. [70] recently identified different AOA
‘ecotypes’ corresponding to low and high ammonium concentrations (HAC) in the water column, of which the PCR
primers used here may only target the HAC groups. However, it is also worth noting that microbial metabolic
activity (i.e. ammonia oxidation rates) may be dependent
upon a number of factors, including gene transcription
rates, protein synthesis rates or enzyme activity, and may
therefore be more sensitive to a change in one of these processes than to the absolute abundance of amoA genes
within the environment [71–73]. Furthermore, the ammonia-oxidizing archaea are a relatively new addition to our
understanding of the marine nitrogen cycle [74], and it is
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(b) Shrimp behaviour may determine the
response of ammonia oxidizers to reduced pH
within the burrow

contrast, nitrifying microorganisms may take weeks to
recover from inhibition by free sulfide [55]. It therefore
seems probable that, in this current study, the decline in
ammonia oxidation rates within burrows inhabited by a
living shrimp may be due to prolonged alteration of the
physico-chemical conditions within the burrow, possibly
resulting from pH-induced changes in shrimp behaviour.
Microbial communities inhabiting bioturbated sediments
are presumably well adapted to take advantage of fluctuating
physico-chemical conditions within the burrow. Within a
thalassinidean shrimp burrow, pH can oscillate between 8.0
and 7.6 as the redox chemistry of the burrow changes with
ventilation events [53]. How can ammonia oxidation activity
occur at all under these conditions? In some acidic soils, it is
thought that nitrification activity is able to continue when
microbial cells are present in high density as aggregates
[56] or as biofilms [57]. It is possible that ammonia oxidizers
inhabiting burrow wall sediments use similar strategies.
Extracellular polymeric substances are produced directly by
microorganisms and serve as an important stabilizing component of coastal sediments as well as providing a source
of labile organic carbon and a reactive surface for microbial
growth [14,58 –60]. Additionally, burrowing macrofauna
including thalassinidean shrimp use the addition of biopolymers to the burrow sediment to aid compaction and
smoothness of the burrow wall [15,61– 65]. This burrow
lining has been associated with greater numbers of sediment-attached bacteria within burrows of the polychaete
worm Nereis diversicolor compared with the surrounding sediment [66]. If we assume that this behaviour occurred within
this study, the cohesive nature of the burrow lining could also
explain why burrow wall sediment was apparently resistant
to carbonate dissolution, even at very low pH levels. If this
is the case, it emphasizes the important role of the shrimp
in controlling the burrow’s physico-chemical environment.

rstb.royalsocietypublishing.org

positively to increased pCO2. A recent study by Krause et al.
[48] suggests that the Gammaproteobacteria may be among
those most affected by reduced seawater pH. However, their
acidification method using hydrogen chloride overlooks
the responses of microbial communities to changes in pCO2.
Grossart et al. [49] showed that within pelagic bacterial communities associated with a phytoplankton bloom, high-pCO2
conditions led to increased growth rates, increased bacterial
protein production and increased protease activity, suggesting
enhanced heterotrophy. This was particularly evident within
the bacteria that were attached to sediment particles; it is possible that a similar response occurred within the sediment
microbial communities observed in this current study.
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Several studies have suggested that under future OA scenarios, the balance of the entire marine nitrogen cycle might
be altered. Using a linear interpolation of the data from
Huesemann et al. [6], Blackford & Gilbert [9] projected an
approximately 20% decrease in pelagic nitrification rates at
an atmospheric CO2 concentration of 1000 ppm (the ‘worstcase scenario’ for 2100), corresponding in their model to a
pH of approximately 7.67. Under their projected pH values
for current-day and year-2100 pH, the linear equation derived
from water-column nitrification rates in this study (equation
(3.1)) gives a similar decrease in pelagic nitrification of 23%.
In agreement with these, Beman et al. [7] also found a
3–44% decrease in ammonia oxidation rates at various pH
levels within in situ incubations. It has been suggested that
decreased water-column nitrification rates could cause a
shift in the structure of phytoplankton communities, as well
as altering the fluxes of dissolved inorganic nitrogen species
(NO32, NO22, NH4þ) available for primary production or
microbial reduction reactions (such as denitrification) [7,9].
This effect could be further compounded by the increased
production of NH4þ by nitrogen-fixing photoautotrophs
[82]. Evidently, this would alter the dynamics of the marine
carbon cycle as well as the nitrogen cycle. Importantly, any
direct impacts upon the community-level microbial responses
to OA are also likely to be seasonally contingent, as indicated
by Krause et al. [48].
Our experiments effectively acted to isolate the sediment
from any additional sources of organic or inorganic carbon
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(d) Coastal sediment –water dynamics in a
high-CO2 world

by preventing photosynthesis. Therefore, we were able to consider the benthic system independently from the influence of
primary production within the overlying water. However,
we have demonstrated that changes to the nitrogen cycle at
reduced pH do not occur in isolation: the impacts of OA on
nitrification rates may be ameliorated (CaCO3 buffering) or
potentially compounded (metabolic CO2 production inferred
from increased microbial abundance) by changes to the
carbon chemistry. Any changes to the flux of organic carbon
reaching the seafloor will therefore affect the interactions
between the sediment’s microbial and chemical processes [83].
In addition, we have shown that macrofauna living within
the sediment have the potential to significantly alter the impact
of OA upon benthic microbial processes. Previous studies
have indicated that changes to the benthic–pelagic flux of
nutrients will probably depend upon both sediment type and
the presence of bioturbation [16,18,84]. It is imperative also to
remember that populations of macrofauna interact with each
other in natural ecosystems, and while some members of the
macrofaunal community may be at risk of loss of abundance
or extinction in future oceans, others will benefit from these
changing competitive dynamics [85]. Globally, the impacts
of OA on bioturbated sediments may therefore be linked to
seasonal and latitudinal differences in bioturbation activity
[86] as well as potential interactions between multi-species
assemblages of macrofauna [87]. Clearly, a full understanding
of coastal nitrogen-cycling dynamics in future oceans requires
an appreciation of multi-trophic ecosystem interactions as well
as the interactions occurring between the carbon and nitrogen
cycles in different sediment systems.
In conclusion, muddy coastal sediments inhabited by
macrofaunal bioturbators may support enhanced microbial
functions such as ammonia oxidation, an important link in
the marine nitrogen cycle. We have shown that the relationship between macrofauna and microorganisms will have a
significant impact upon the benthic ecosystem response to
OA. Essentially, although ammonia oxidation rates in surface
sediments are unaffected by reduced pH, OA may negate the
positive impact of thalassinidean shrimp bioturbation upon
microbial nitrogen cycling by (i) directly affecting the behaviour
of the shrimp and therefore altering the relationship between
macrofaunal and microbial activity and (ii) causing long-term
changes in the abundance and success of the shrimp. In order
to scale these results to a global level, future studies should
consider the interactive effects of season, sediment type and
macrofaunal species, as well as any potential synergistic effects
of OA with increasing sea surface temperature and coastal
eutrophication (e.g. see [88–91]).

rstb.royalsocietypublishing.org

not yet clear whether all AOA are obligately involved in the
nitrification process [75].
Within this context, the data presented here for burrow
sediment (whereby the abundance of AOA genes increased
at low pH, whereas ammonia oxidation rates decreased)
might be cautiously interpreted to suggest that archaeal
cell-specific ammonia oxidation rates decreased drastically
at low pH. This would agree with previous studies investigating both bacterial and archaeal amoA gene transcript
(mRNA) abundances, which increased at reduced pH in temperate soils [76] and Arctic fjord sediments [77]. In both
studies, transcript abundance was always lower than gene
abundance, seemingly indicating a certain level of inactivity
within the ammonia oxidizing communities, particularly at
low pH [76,77]. Our understanding of the kinetics and cell
transport mechanisms involved in ammonia oxidation is far
from definitive. It has been previously suggested that pH
directly affects enzyme activity as well as substrate availability [71,78,79]. Chemolithoautotrophic nitrification is an
energetically expensive process, and growth yields for nitrifying bacteria are consequently relatively low [14,80]. If there is
a requirement for active ammonium uptake at low pH, it may
be that the upkeep of a proton motive force is too energetically demanding. Moreover, the need to maintain a nearneutral internal pH may place too much stress on the cell’s
physiology under low-pH conditions [79,81]. Clearly, further
investigation is required in order to confirm whether the cellspecific activities of AOA do indeed decline in response to
reduced pH, or whether these observations are due instead
to shifts within the active members of the community.
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