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Sensitivity to near-future CO�x 
conditions in marine crabs depends 
on their compensatory capacities 
for salinity change
Nia M. Whiteley  �w, Coleen C. Suckling�w�á�x�á�z, Benjamin J. Ciotti   �y�á�{, James Brown�w, 
Ian D. McCarthy�x, Luis Gimenez�x & Chris Hauton�y

Marine crabs inhabit shallow coastal/estuarine habitats particularly sensitive to climate change, and 
yet we know very little about the diversity of their responses to environmental change. We report 
�–�Š�‡���‡�¡�‡�…�–�•���‘�ˆ���ƒ���”�ƒ�”�‡�Ž�›���•�–�—�†�‹�‡�†�á���„�—�–���‹�•�…�”�‡�ƒ�•�‹�•�‰�Ž�›���’�”�‡�˜�ƒ�Ž�‡�•�–�á���…�‘�•�„�‹�•�ƒ�–�‹�‘�•���‘�ˆ���‡�•�˜�‹�”�‘�•�•�‡�•�–�ƒ�Ž���ˆ�ƒ�…�–�‘�”�•�á��
that of near-future pCO�x�����5�w�v�v�v����ƒ�–�•�����ƒ�•�†���ƒ���’�Š�›�•�‹�‘�Ž�‘�‰�‹�…�ƒ�Ž�Ž�›���”�‡�Ž�‡�˜�ƒ�•�–���x�v�¬���”�‡�†�—�…�–�‹�‘�•���‹�•���•�ƒ�Ž�‹�•�‹�–�›�ä�����‡��
�ˆ�‘�…�—�•�‡�†���‘�•���–�™�‘���…�”�ƒ�„���•�’�‡�…�‹�‡�•���™�‹�–�Š���†�‹�¡�‡�”�‹�•�‰���ƒ�„�‹�Ž�‹�–�‹�‡�•���–�‘���…�‘�’�‡���™�‹�–�Š���•�ƒ�–�—�”�ƒ�Ž���•�ƒ�Ž�‹�•�‹�–�›���…�Š�ƒ�•�‰�‡�á���ƒ�•�†���”�‡�˜�‡�ƒ�Ž�‡�†��
�˜�‹�ƒ���’�Š�›�•�‹�‘�Ž�‘�‰�‹�…�ƒ�Ž���ƒ�•�†���•�‘�Ž�‡�…�—�Ž�ƒ�”���•�–�—�†�‹�‡�•���–�Š�ƒ�–���•�ƒ�Ž�‹�•�‹�–�›���Š�ƒ�†���ƒ�•���‘�˜�‡�”�”�‹�†�‹�•�‰���‡�¡�‡�…�–���‘�•���‹�‘�•���‡�š�…�Š�ƒ�•�‰�‡���‹�•���–�Š�‡��
osmoregulating shore crab, Carcinus maenas�ä�����Š�‹�•���•�’�‡�…�‹�‡�•���™�ƒ�•���—�•�ƒ�¡�‡�…�–�‡�†���„�›���‡�Ž�‡�˜�ƒ�–�‡�†�������x, and was 
able to hyper-osmoregulate and maintain haemolymph pH homeostasis for at least one year. By 
contrast, the commercially important edible crab, Cancer pagurus, an osmoconformer, had limited 
ion-transporting capacities, which were unresponsive to dilute seawater. Elevated CO�x disrupted 
haemolymph pH homeostasis, but there was some respite in dilute seawater due to a salinity-induced 
metabolic alkalosis (increase in HCO�y�  at constant pCO�x). Ultimately, Cancer pagurus was poorly 
�‡�“�—�‹�’�’�‡�†���–�‘���…�‘�•�’�‡�•�•�ƒ�–�‡���ˆ�‘�”���…�Š�ƒ�•�‰�‡�á���ƒ�•�†���‡�š�’�‘�•�—�”�‡�•���™�‡�”�‡���Ž�‹�•�‹�–�‡�†���–�‘���•���•�‘�•�–�Š�•�ä���	�ƒ�‹�Ž�—�”�‡���–�‘���—�•�†�‡�”�•�–�ƒ�•�†���–�Š�‡��
full spectrum of species-related vulnerabilities could lead to erroneous predictions of the impacts of a 
changing marine climate.

Estuarine and shallow coastal habitats are complex ecosystems of high productivity facing conflicting 
socio-economic and environmental demands1. Estuaries, for instance, are important areas for �sheries and aqua-
culture production and yet are challenging environments in which to live because of the co-occurrence of �uc-
tuations in salinity, temperature, pH and oxygen on di�erent spatial and temporal scales2. Climate change is 
in�icting further environmental change with global increases in atmospheric CO2 leading to elevated sea surface 
temperatures and CO2-driven reductions in ocean pH, broadly termed ‘ocean acidi�cation’ (OA)3. Increased 
surface temperature is also leading to an intensi�cation of the global water cycle resulting in changing patterns of 
ocean surface salinity4. Shallow coastal and estuarine regions may experience greater changes in pH and salinity 
than the open ocean through an increased frequency of exceptional storm events and freshwater runo� from 
terrestrial �ooding5,6.

�e impacts of reductions in salinity and pH on marine communities and populations are di�cult to assess 
because of the complexity of species and community interactions, and the time scales involved in observing 
changes in biodiversity, abundance and geographical range7. Individual physiologies, however, are ecologically 
relevant as they may provide mechanistic explanations for di�erences in sensitivity, performance, adaptive 
potential, and ultimately survival to environmental change among species and taxa8,9. For example, physiological 
responses to salinity change in�uence salinity tolerances of aquatic organisms and can be related to community 
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structure and boundaries of species distribution2. Indeed, marine invertebrates demonstrate a range of osmoreg-
ulatory strategies from independent regulation of body �uid osmolality to conformity10. Conventionally, species 
that demonstrate active life styles with high metabolic rates are considered less vulnerable7,11–13. Physiologically, 
it is argued that such species have greater capacities for ion exchange and for bu�ering and transporting CO2 in 
the blood8,11,12,14. However, much of our understanding of these responses comes from short-term experiments 
(e.g. days to weeks) and acute exposures to single stressors12,14,15. Of more concern, comparatively little is known 
about physiological responses to environmentally relevant changes under more realistic climate change scenarios 
of multiple interacting environmental drivers over the longer term (months to years)16–19.

Multifactorial experiments are beginning to show interactive e�ects on an organism’s physiology, which might 
have signi�cant longer-term repercussions on performance than each factor in isolation19–23. �e research focus 
to date, however, has been on elevated pCO2 and warming20,24. Experiments investigating combined e�ects of 
elevated pCO2 and salinity have received much less attention, especially the ability of species to compensate for 
CO2-induced changes in extracellular pH (acid-base status). Compensation of extracellular pH is fundamental 
to survival during elevated pCO2

12,13,15,25, but is itself in�uenced by salinity, with seawater dilution disrupting 
extracellular acid-base status26 and energy status27. �e combined e�ects of both environmental factors are di�-
cult to predict as acid-base adjustments occur via ion exchange mechanisms, which may also have the opposing 
function of ion uptake during low salinity exposure for the purposes of osmoregulation. Ion regulation, however, 
is an energetically demanding process suggesting that osmoregulation in marine invertebrates under low salinity 
may be a distinct disadvantage in the longer-term due to trade-o�s with ecologically important processes such as 
growth and reproduction15,27,28.

Marine crabs are important predators of molluscs, polychaetes and other crustaceans and have signi�cant 
e�ects on community structure in shallow coastal and estuarine ecosystems. Many crab species are also commer-
cially important and increasingly contribute to global food security through capture �sheries and aquaculture. 
Marine crustaceans are generally considered to be more tolerant of increasing CO2 levels than other taxa, but 
physiological studies are mainly limited to those species more capable of coping with environmental change12,13. 
Here we test these broad assumptions about the performance of key taxa, and explore the prediction that compen-
satory capacities are complex, highly variable but intrinsically linked with the ability to ion and osmo-regulate12 
by examining two species of marine crabs with di�ering abilities to compensate for salinity change. We studied a 
moderate osmoregulator, the intertidal/estuarine shore crab, Carcinus maenas and an osmoconformer, the sub-
tidal edible crab, Cancer pagurus. Carcinus maenas is euryhaline and capable of hyper-osmoregulation down to 
an external salinity of 829, but Cancer pagurus is stenohaline, and prefers marine habitats usually bu�ered from 
salinity change. Carcinus maenas demonstrates remarkable environmental tolerance, has a wide geographical 
distribution and is highly invasive outside of Europe30. Cancer pagurus inhabits shallow shelf waters of the NE 
Atlantic from tidal levels (juveniles) down to 50–100 m (adults)31, and supports one of the most important �sher-
ies in Europe32. Little is known about Cancer pagurus physiology, apart from the fact that it is an osmoconformer 
unable to maintain body �uid osmolality separate from that of the external environment33, and is more sensitive 
to rising temperatures when exposed to high CO2

34. We exposed both species to combinations of pCO2 (ambient 
at 400 �atm vs ‘business as usual’ predictions for 2100 at ~1000 �atm), and salinity (SW, full strength salinity �  33 
vs DW, reduced salinity � 25) according to a fully factorial design, and studied key physiological processes of pH 
homeostasis and ion regulation for up to 12 months. �e purpose here was to provide a physiological framework 
to explain species-speci�c di�erences in CO2 tolerances, to further understand vulnerabilities of marine inverte-
brates to future coastal/estuarine environments.

Results
Seawater Chemistry. Seawater locally sourced from the Menai Strait was unpolluted and had an ionic com-
position in agreement with that of reference seawater (Table 1 in35). Variations in seawater carbonate chemistry 
were greater among treatments than within treatments over time. �e seawater manipulations produced reason-
ably stable and accurate experimental parameters as detailed in Supplementary Table�S1. Overall, salinity had 
no e�ect on seawater pCO2 but AT and DIC were signi�cantly higher and pH signi�cantly lower in SW com-
pared with DW. Under elevated pCO2, seawater pCO2 and DIC increased but AT was una�ected (Supplementary 
Table�S1). Temperature varied over time in all four treatments, but all treatments showed the same temporal 
pattern.

Haemolymph Acid-base Status. To determine the ability of crabs to maintain extracellular acid-base 
homeostasis, we measured haemolymph pH, partial pressure of CO2 (pCO2), and bicarbonate concentration 
([HCO3

� ]). In Carcinus maenas, all three acid-base parameters varied with time (Fig.�1a,c,e; Table�1), but were 
una�ected by either salinity or pCO2 (Supplementary Tables�S3 and S4). Haemolymph pH remained unchanged 
from one to 6 months, but fell signi�cantly between 6 and 12 months (Fig.�1a). Haemolymph pCO2 and [HCO3

� ] 
were signi�cantly higher at 3 and 6 months than at one month, but declined again at 12 months (Fig.�1c,e).

All four explanatory variables (CO2, salinity, time, body size) in�uenced haemolymph acid-base status in 
Cancer pagurus but in different combinations depending on acid-base parameter. Haemolymph pH varied 
according to salinity and time, but the salinity e�ect was consistent over the course of the experiment (Fig.�1b; 
Tables�1, S5 and S6). Haemolymph pH was signi�cantly lower in SW vs DW crabs at 7.79 �  0.02 (n �  63) and 
7.83 �  0.02 (n �  59), respectively (Supplementary Table�S6). Haemolymph pCO2 and [HCO3

� ] were higher under 
elevated seawater pCO2, irrespective of the signi�cant e�ect of time (Tables�1 and S6; Fig.�1d,f), and the small 
but signi�cant increase in both acid-base variables with increase in body size (Supplementary Figs�S1 and S2; 
Table�S6). For example, mean haemolymph pCO2 in Carcinus maenas at 6 months was 0.36 � 0.03 �atm in ambi-
ent and 0.50 �  0.06 � atm in elevated pCO2 (Fig.�1d). In the same month, [HCO3� ] was 8.25 �  0.43 mmol L� 1 in 
ambient but 10.29 � 0.82 mmol L�1  in elevated pCO2 (Fig.�1f). In all cases n � 16.
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Haemolymph osmolality was determined to assess the ability of the crabs to osmoregulate.
In Carcinus maenas, haemolymph osmolality varied due to salinity and time (Tables�1 and S3), but pCO2 had 

no e�ect. Haemolymph osmolality was signi�cantly lower in DW vs SW crabs at 839 �  14 (n �  50) and 944 �  10 
(n �  51) mosmol kg� 1, respectively (Supplementary Table�S4). Over time, osmolality fell signi�cantly at 3 months 
(SNK post hoc P �  0.05), but values recovered a�er 6 and 12 months exposure. Haemolymph osmolality in DW 
crabs remained 103 to 175 mosmol kg� 1 above that of external DW, apart from 3 months when haemolymph 
osmolality was only 44 mosmol kg�1  above that of DW.

�e main e�ect on haemolymph osmolality in Cancer pagurus, was salinity, but there were also interactive 
e�ects of body size with CO2, and with time (Tables�1 and S5). As the e�ects of CO2 and body size were rela-
tively small (Supplementary Fig.�S3), the most important factors were salinity and time. Haemolymph osmolality 

Figure 1. Haemolymph acid-base changes against time in Carcinus maenas: (a) haemolymph pH; (c) partial 
pressure of CO2 (pCO2); (e) bicarbonate concentration ([HCO3

� ]). Acid-base changes in Cancer pagurus: 
(b) haemolymph pH according to salinity and time (SW � full strength seawater, closed circles; DW � dilute 
seawater, open circles); (d) haemolymph pCO2 and (f) haemolymph [HCO3

� ] according to external pCO2 and 
time (CCO2 � control, closed triangles; HCO2 � elevated pCO2, open triangles). Values given as means � SEM. 
For all acid-base variables in Carcinus maenas n � 27, 25, 30 and 24 at 1, 3, 6 and 12 months, respectively. For 
haemolymph pH in Cancer pagurus: n � 15 at 1 month and n � 16 at 3, 6 and 12 months in SW and DW, apart 
from 9 months in DW when n � 12. For haemolymph pCO2 and [HCO3

� ] in Cancer pagurus: n � 15 at 1, 3 
and 9 months at CCO2 and HCO2, apart from 9 months in HCO2 when n � 13, and n � 16 at 6 months in both 
conditions. Values with di�erent letters show signi�cant di�erences (SNK post hoc, P � 0.05). In 1a, c and e, both 
SW and DW shown for reference even though salinity had no e�ect (signi�cant di�erences related to changes 
over time). All values in control crabs at one month (CCO2, SW) were similar to those measured in baseline 
crabs (closed squares; t-tests, df � 13, P � 0.457 to 0.996).
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was signi�cantly lower in DW vs SW crabs at 757 �  9 (n �  59) and 947 �  8 (n �  62) mosmol kg� 1, respectively 
(Supplementary Table�S5), but remained 22 mosmol kg�1  above that of the dilute seawater in DW crabs.

Branchial NKA activities were examined in posterior gill 8 to determine whether crabs were engaging active, 
energy consuming mechanisms to maintain acid-base status and osmoregulation. Salinity had a highly signi�cant 
e�ect on NKA activities in Carcinus maenas (Tables�1 and S4) with activities 1.5 fold higher in DW vs SW crabs at 
3.86 � 0.13 (n � 54) and 2.5 � 0.08 (n � 51) �mol ADP mg�1  protein h�1 , respectively. By contrast, elevated pCO2 
had no e�ect on NKA activity in Carcinus maenas. NKA activities in the posterior gill 8 of Cancer pagurus were 
una�ected by any of the explanatory variables (Tables�2 and S5), apart from a small increase in NKA activities 
with increase in body size, which was marginally signi�cant (Table�S6). Mean NKA activities in Cancer pagurus 
gills were 1.07 � 0.03 (n � 110) �mol ADP mg�1  protein h�1 .

���”�ƒ�•�…�Š�‹�ƒ�Ž���‰�‡�•�‡���‡�š�’�”�‡�•�•�‹�‘�•�ä��Gene transcription of several ion transporting genes were quanti�ed to exam-
ine the underlying mechanisms responsible for ion and acid-base regulation in the posterior gills of marine crabs. 
We measured the ion transporting enzymes: Na� /K� -ATPase � -subunit, NKA� ; cytoplasmic carbonic anhydrase, 
CAc; and gpi-linked carbonic anhydrase, gpi-CA. We also examined the ion exchangers: anion exchanger protein 
(Cl� /HCO3

� ), AE; sodium/proton exchanger, NHE; and V-type H�  ATPase B-subunit, VATB. Justi�cation for the 
choice of genes is given in Methods.

Species Physiological parameter

Terms included in best model

Variance 
structure Fixed E�ects

Carcinus maenas

Haemolymph pH Sal:pCO2 Time

Haemolymph pCO2 None Time

Haemolymph [HCO3
� ] None Time

Osmolality None Sal � Time

Gill NKA activity None Sal

Cancer pagurus

Haemolymph pH Time Sal � Time

Haemolymph pCO2 Sal:Time pCO2 � Time � CW

Haemolymph [HCO3
� ] pCO2 pCO2 � Time � CW

Osmolality Sal:Time Additive �  pCO2:CW �  Time:CW

Gill NKA activity None CW

Table 1. Summary of the models that best explain variation in the physiological parameters for both crab 
species. NKA � Na � /K�  ATPase activities in posterior gill 8. Models represent simpli�cations of a global model 
including four fully crossed variables (seawater pCO2; salinity (Sal); and time as �xed factors; body size (CW) 
as a covariate). An error variance structure is included crossing pCO2, salinity and time. Models were selected 
using AICc and log-likelihood ratio tests as detailed in Methods, and in Supplementary Tables�S3 –S6.

Species Gene
Gene 
category

Terms included in best model:

Variance 
structure Fixed e�ects

Carcinus maenas

AE Ion and AB Time Time � CW � Time:CW

CAc Ion None Additive � all 2-way 
interactions �  pCO2:Time:CW �  Sal:Time:CW

gpi-CA Respiration None Sal

NKA� Ion and AB None Sal

NHE Ion and AB None Sal � Time � CW � Sal:CW � Time:CW

VATB Ion and AB None Sal

Cancer
Pagurus

AE Ion and AB None None

CAc Ion None Time

gpi-CA Respiration None None

NKA� Ion and AB None None

NHE Ion and AB na na

VATB Ion and AB None Sal � Time � CW

Table 2. Summary of models that best explain variation in expression of six genes in the posterior gills of 
both crab species. AE � anion exchanger protein, CAc � cytoplasmic carbonic anhydrase, gpi-CA � gpi-linked 
carbonic anhydrase, NKA� � Na � /K�  ATPase alpha subunit, NHE � Na � /H�  exchanger, and VATB � vacuolar 
ATP synthase subunit B.�AB � acid base. Models represent simpli�cations (where possible) of a global model 
including four fully crossed explanatory variables as explained in Table�1 and an error variance structure 
crossing pCO2, salinity and time. Model terms were selected using AICc and log-likelihood ratio tests as detailed 
in Methods and in Supplementary Tables�S7 and S8.




















