
Abstract
Ocean acidification, a decrease in the pH in marine waters associated with rising atmospheric CO  levels, is a serious threat to
marine ecosystems. In this paper, we determine the effects of long-term exposure to near-future levels of ocean acidification on the
growth, condition, calcification, and survival of juvenile red king crabs, Paralithodes camtschaticus, and Tanner crabs, Chionoecetes
bairdi. Juveniles were reared in individual containers for nearly 200 days in flowing control (pH 8.0), pH 7.8, and pH 7.5 seawater at
ambient temperatures (range 4.4–11.9 °C). In both species, survival decreased with pH, with 100% mortality of red king crabs
occurring after 95 days in pH 7.5 water. Though the morphology of neither species was affected by acidification, both species grew
slower in acidified water. At the end of the experiment, calcium concentration was measured in each crab and the dry mass and
condition index of each crab were determined. Ocean acidification did not affect the calcium content of red king crab but did
decrease the condition index, while it had the opposite effect on Tanner crabs, decreasing calcium content but leaving the condition
index unchanged. This suggests that red king crab may be able to maintain calcification rates, but at a high energetic cost. The
decrease in survival and growth of each species is likely to have a serious negative effect on their populations in the absence of
evolutionary adaptation or acclimatization over the coming decades.
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Introduction
Since the beginning of the Industrial Revolution, CO  release from anthropogenic activities such as the burning of fossil fuels and
the manufacturing of concrete has resulted in increasing atmospheric CO  concentration [1]. This has led to a commensurate
increase in the CO  concentration in seawater, resulting in a shift in the carbonate chemistry and a decrease in pH known as ocean
acidification [2]. The pH of oceans globally has decreased by about 0.1 units since the Industrial Revolution and is projected to
decrease even further in the future [3]. The change in water chemistry has an effect on many of the species living in the oceans and
is likely to cause substantial changes in marine ecosystems [1], [4].

Ocean acidification typically has either a negative or neutral effect on most marine animals [5]. Calcifying organisms, including
corals, bivalves, gastropods, echinoderms, and crustaceans, are thought to be particularly vulnerable, as a lower pH increases the
dissolution rates of calcium carbonate [6]–[9]. Additionally, the embryos and larvae of some species exhibit lower survival rates [10],
[11], lower growth rates [12], [13], increased rates of malformation [14], [15], and even changes in behavior [16] under acidified
conditions. On the other hand, many species show little to no effect of ocean acidification [17]–[20], and others show positive
effects (e.g. [21], [22]). Some species, such as those adapted to live in estuaries or in the intertidal, are already adapted to live in a
constantly fluctuating environment and are therefore relatively robust in the face of pH changes, whereas others that are adapted to
live in a more constant environment are less able to adapt to acidified water [23]. Although many studies on the effects of future pH
decreases have been done, most have a fairly short experimental duration (e.g., [24], [25], [26]). Longer term studies are needed,
as the short-term effects do not necessarily predict the long-term ones [27].
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In this study, we examine the effects of ocean acidification on the growth, condition, calcification, and survival of juveniles of two
commercially important and phylogenetically distinct species of crab from the Bering Sea and Gulf of Alaska. Red king crab (RKC),
Paralithodes camtschaticus, is an Anomuran crab species, and the Tanner crab, Chionoecetes bairdi, is a Brachyuran species. The
species are marine and have similar ranges and distributions but juveniles differ in their micro-habitat use; red king crabs prefer
structured habitat [28], probably because they decrease predation risk [29], [30] whereas Tanners prefer unstructured soft sediment
[31]. However, given that both are benthic and their ranges overlap so substantially, there is no reason to suspect that these
habitats differ in terms of pH or carbonate chemistry. Both species brood eggs for about a year before releasing larvae into the
water column in the spring, typically between February and May [32]–[34]. The larvae spend several months as plankton before
settling to benthic habitat, where they grow to maturity in about 5–7 years [35], [36]. Tanner crabs molt about 6 times in their first
year with molting rates decreasing with crab size [37]. Both male and female Tanner crabs undergo terminal molts [38], [39] which
for males may take place after18 molts and 12 years [35]. The maximum age of Tanner crabs is unknown but estimates range from
14–20 y [40]. Red king crabs are estimated to molt 8 times in their first year post-settlement [37] with molting rates decreasing to
once per year for mature females [41] and even lower frequency for large males [42]. As there is no method to age red king crab,
their maximum age is unknown, but is likely at least 20 years [42]. In crabs, calcification occurs internally [43]. The time it takes to
harden completely varies with species and size but it can take a substantial amount of time; mature red king crab females, for
example take about 74 days to harden after a molt [44].

As northern latitude waters are expected to experience a greater rate and degree of acidification than tropical waters,
understanding the species-specific responses to ocean acidification in this ecosystem is important [45]. Red king crab embryos and
larvae are sensitive to even small changes in pH [46] and initial research suggests that Tanner crab embryos and larvae are
tolerant to changes in pH (WCL, KWS, RJF unpublished data). In addition we conducted this study over a long time period, in order
to differentiate between the short and long-term effects of exposure to acidified water [27].
Materials and Methods
Ethics Statement

Ethical approval for this research was not required by any federal, state, or international law because the animals used were
invertebrates and therefore not covered. The transportation and field collection of the animals was authorized by the Alaska
Department of Fish and Game (Fish Transport Permit 10A-1045 and Fish Resource permits numbers CF-10-074 and CF-10-075).

For this experiment, we used filtered seawater pumped into the laboratory from Trident Basin (Kodiak, AK). The experimental setup
used flow-through water at ambient temperature and salinity. As we did not control temperature, the conditions the crabs were
exposed to mimicked the natural fluctuations to which crabs would naturally be exposed. We used seawater acidified with CO  to
pHs based on projected future levels of atmospheric CO  and the predicted change in seawater pH associated with it: 1) ambient
pH (∼8.0), 2) 7.8 pH c. 2100, and 3) 7.5 pH c. 2200 [3]. The ambient water used in this experiment was obtained at a depth at
which both species occur and so is representative of what these species experience. To obtain the desired treatment levels CO
was bubbled in ambient local seawater to a pH of 5.5. This water was mixed with seawater to the treatment pHs using a peristaltic
pump whose speed was controlled by a pH probe in a head tank similar to the design by McGraw et al. [47]. Water from the head
tank was supplied to the experimental containers. When the measured pH in the experimental containers deviated from the nominal
pH levels by more than 0.02 units the settings on the pH probe were adjusted accordingly.

Red king crabs were supplied by the Alutiiq Pride Shellfish Hatchery. Ovigerous red king crabs were captured in Bristol Bay, Alaska,
in commercial pots during the winter of 2009. Larvae were reared to the first crab stage before being transported to the Kodiak lab
in insulated shipping containers. Juvenile Tanner crabs were caught in a modified benthic sled with a 1 m mouth opening in local
Kodiak waters. Tanner crabs were newly settled, probably at the first or second crab stage. Throughout the experiment, the crabs
were fed to excess on a gel diet of “Gelly Belly” (Florida Aqua Farms, Inc., Dade City, Florida, USA; Use of trade names does not
imply endorsement by the National Marine Fisheries Service, NOAA) enhanced with Cyclop-eeze powder and pollock bone powder
(United States Department of Agriculture, Agricultural Research Service, Kodiak, Alaska, USA). Crabs were fed three times a week
and old food was removed just prior to feeding.

The experiment was performed in three tanks (120 (L) x 60 (W) x 60 (H) cm), each of which was randomly assigned a treatment.
Ninety crabs per species were randomly assigned to each of three treatments (30 crabs per species per treatment). Each crab was
placed in an individual holding cell made of a piece of PVC pipe (diameter 5.1 cm) with mesh glued on the bottom. These cells are
large enough that they should not limit the growth of juvenile red king crab of this size [48]. Flow-through water from the head tanks
was provided to each cell. The Tanner crab experiment was started on June 4, 2010, and the red king crab experiment on June 10,
2010. Daily, five randomly selected cells per treatment per species were monitored for pH and temperature. pH was measured
using a Ross Combination glass bulb pH electrode (Thermo Electron Corporation, Beverly, MA) calibrated with Tris buffer on the
pH  scale according to Millero [49]. Weekly water samples were taken from the head tanks, poisoned with mercuric chloride, and
sent to an analytical laboratory for dissolved inorganic carbon (DIC) and alkalinity analysis. DIC was determined using a CM5014
Coulometer with a CM5130 Acidification Module (UIC Inc., Joliet, IL) using Certified Reference Material from the Dickson
Laboratory (Scripps Institute, San Diego, CA) [50]. Alkalinity was measured via open cell titration according to the procedure in
Dickenson et al. [50]. The pH, temperature, DIC and alkalinity were analyzed with a one-way analysis (ANOVA) of variance
(SYSTAT 12.00.08, Chicago, Illinois USA). In this and in all ANOVA tests we verified the assumption of homogeneity of variance
with Levene's test. Where there was a significant effect, Fisher's least-significant difference test was used to examine differences
within the factors. The measured temperature, DIC, and pH were used to calculate pCO , HCO , CO , Ω , and Ω
using the seacarb package in R [51] (R 2.14.0, Vienna, Austria).

Crabs were checked daily for molting or death. Dead crabs and exuvia were removed from the tanks for morphometric analysis.
The carapace from each exuvia and dead crab was carefully removed and photographed under a stereomicroscope. Partway
through the experiment, we noted that it had become difficult to remove the carapace off dead crabs, particularly in the low pH
treatments, so we started photographing dead crabs before attempting to remove the carapace. If successful, we photographed the
carapace as well and used that for image analysis; otherwise, we used the image of the dead crab. Image analysis was performed
using Image-Pro Plus v. 6.00.260 imaging software (Media Cybernetics, Inc., Bethesda, Maryland, USA) calibrated with a
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micrometer photograph. On red king crab, we measured carapace width, carapace length, rostrum base width, orbital spine width,
and the first spine length (Fig. 1). On Tanner crab, we measured carapace width (CW), carapace length (CL), carapace length to
the rostrum, carapace length to the eye orbit, rostrum base width, rostrum length, orbital spine width, and orbital spine length (Fig.
1). The wet mass of each crab, after it was carefully blotted dry, was measured at the beginning of the experiment and 7 days after
each molt.

Figure 1. Measurement taken for morphometric analysis.
A) red king crabs, and B) Tanner crabs. Measurement on red king crabs included carapace width (CW), carapace length (CL),
rostrum base width (RW), orbital spine width (OW), and the first spine length (SL). Measurements on Tanner crab included
carapace width (CW), carapace length (CL), carapace length to the rostrum (CLR), carapace length to the eye orbit (CLO),
rostrum base width (RW), rostrum length (RL), orbital spine width (OW), and orbital spine length (OL). The scale bars are 0.5
mm.
https://doi.org/10.1371/journal.pone.0060959.g001

The experiments were ended on December 20, 2010, when temperatures had dropped low enough that the crabs were no longer
molting frequently. Total experimental duration was 199 days for Tanner crabs and 192 days for red king crab. At the end of the
experiment, all crabs were sacrificed by freezing. The crabs were imaged for morphometric analysis as above. Each crab was dried
to a constant mass at 60 °C to obtain the dry mass. Calcium and magnesium content in each crab was determined at an analytical
laboratory using a Dionex Ion Chromatography system.

Mortality was modeled for each species as a binomial probability distribution. The mortality rate was assumed to be constant such
that: p  = e , where p  is the probability of mortality, r is the mortality rate, and t is the time in days. We used maximum likelihood
to fit the data in R 2.9.2 to a series of three models in which the mortality rate was 1) the same in all treatments, 2) lower in the
control than in the two low pH treatments, and 3) different in all three treatments. The Akaike's information criterion, corrected for
small sample size (AIC ), was calculated for each model and the best model was selected. Here, and in all places where we use
the AIC  to rank models, we consider models whose AIC s differed by less that 2 to explain the data equally well [52].

Juvenile morphometric data were analyzed with principal component analysis (PCA) in Primer 6.1.13 (Plymouth, UK).
Measurements were normalized (i.e. expressed in terms of their standard deviation from the mean) prior to analysis. Differences in
the principal components (PC) were analyzed with a general linear model with Treatment fully crossed with Molt number and Crab
nested within Treatment as factors. Where there was a significant effect, Fisher's least-significant difference test was used to
examine differences within the factors.

Red king crab growth was analyzed as a change in CL and a change in wet mass (WM) over time. As it was impossible to know
where the crabs were in the molt cycle at the beginning of the experiment, the initial size was not included in analysis; however,
most crabs molted within the first week of the experiment. Only crabs that had at least three data points were used. As no crab in
the pH 7.5 treatment molted more than twice before dying, they were not analyzed. Change in CL over time was modeled as a
linear model [35] and was analyzed with an analysis of covariance with Treatment fully crossed with Time and Crab number nested
within Treatment as factors. A significant interaction between Treatment and Time was interpreted as indicating a difference in
growth rates and when that occurred the treatments were analyzed separately with Time and Crab number as factors. Change in
wet mass over time was modeled as an exponential increase such that , where WM is the wet mass, a and b are
parameters, and t is time in degree days. Degree days are typically used when modeling crab growth to account for the effect of
temperature (e.g. [36]). We fit the data to a series of models using maximum likelihood assuming a normal distribution of errors: 1)
No difference between treatments, 2) a differed among treatments, 3) b differed among treatments, and 4) a and b differed among
treatments. In all models, differences among crabs within a treatment were modeled by allowing a to vary with crab number. We
calculated the AIC  for each model and used that to rank the models and select the best one.

Growth in Tanner crab could not be directly analyzed as a function of time, as the RKC were, because too few crabs molted three
times during the experiment. We analyzed the initial CW and WM, the CW and WM after the first and second molts, the CW and
WM at the end of the experiment, the intermolt duration before the first molt, and the intermolt duration between the first and
second molt (in degree days) with ANOVAs with Treatment as the factor. Where Levene's test indicated heteroscedastic data, we
used a Kruskal-Wallis (KW) test instead.

The conditions of the crab at the end of the experiment were calculated as the condition index (also known as the body mass index)
defined as the dry mass in grams divided by the CL  (red king crab) or CW  (Tanners) in millimeters (e.g. [53]). The condition index
and the percent calcium and magnesium were analyzed with a one-way ANOVA with Treatment as the factor.
Results
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The mean pHs±SD in the three treatments were: 8.040±0.040, 7.802±0.025, and 7.503±0.040 and they differed significantly among
all treatments (ANOVA F = 11,435, P<5×10 ). The mean temperature for all treatments was 9.1±2.0 °C (SD) and did not vary
among treatments (ANOVA F = 0.025, P = 0.975). Temperatures were 9.3 °C in June at the beginning of the experiment, rose to a
high of 11.9 °C in September and fell to 4.4 °C in December at the end of the experiment (Fig. 2). As expected, alkalinity did not
vary among treatments (ANOVA, F = 1.397, P = 0.254; Table 1) and DIC increased with decreasing pH (ANOVA, F = 68.607,
P<0.0005; Table 1). Both aragonite and calcite were supersaturated in the Control treatment, aragonite was right at saturation and
calcite was supersaturated in the pH 7.8 treatment, and both were undersaturated in the pH 7.5 treatment (Table 1).

Figure 2. Temperatures in experimental treatments during experiment.
Mean daily temperature in individual holding cells for red king crabs and Tanner crabs throughout the experiment from June to
December 2010. The average daily standard deviation (not shown) was 0.1 °C.
https://doi.org/10.1371/journal.pone.0060959.g002

Table 1. The mean and standard error (SE) of water chemistry parameters measured (DIC, and Alkalinity) and calculated (all others, see text for
details) in the three treatments during the experiments.
https://doi.org/10.1371/journal.pone.0060959.t001

For both species, survival was best described by the model in which the mortality rate differed among all treatments (Table 2). Red
king crab mortality rates were lowest in control water, 104% higher in pH 7.8 water, and 997% higher in pH 7.5 water (Fig. 3).
Tanner crab mortality rates were also lowest in control water, 130% higher in pH 7.8 water, and 400% higher in pH 7.5 water (Fig.
3). Red king crabs were particularly vulnerable, with 100% mortality in the pH 7.5 treatment occurring after 95 days.

Figure 3. Survival of crabs in Control and Acidified water.
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Red king crab (A), and Tanner crabs (B) in control and treatment tanks over the duration of the experiment. Maximum
likelihood estimated mortality rates±standard error were Control −0.0023±0.00007 day , pH 7.8−0.0047±0.00011 day , pH
7.5−0.025±0.00066 day  for red king crab and Control -0.0010±0.00004 day , pH 7.8-0.0023±0.00007 day , pH 7.5-
0.0050±0.00011 day  for Tanner crab. See text for model details.
https://doi.org/10.1371/journal.pone.0060959.g003

Table 2. Models of survival for red king crab and Tanner crab ranked using AIC .
https://doi.org/10.1371/journal.pone.0060959.t002

Red king crabs in the Control and pH 7.8 treatments molted up to five times during the experiment providing an adequate base to
assess morphometric effects. The first 2 principal components (PC) explained 94% of the variance in the red king crab
morphometrics, with the first PC explaining 89% (Table 3). As so few in the pH 7.5 survived even after the first molt (only one
molted a second time and it died soon after), we did not include the pH 7.5 crab in our ANOVA analysis (Table 3). The first PC was
significantly different among treatments, stages, and the interaction between them and was negatively correlated with all
morphometric measurements (Table 3). At the beginning of the experiment, the crabs in the pH 7.8 treatment were slightly larger
than those in the Control, as evidenced by a smaller average PC1 score. However, as the experiment progressed, the Control
crabs grew more per molt such that after the 3  through 5  molts they were larger than the pH 7.8 crabs, though this was only
significant after the 3  and 5  molts (Fig. 4). The second PC was significantly different among treatments and stages, and was
positively correlated with carapace length, carapace width, and orbital spine width and negatively correlated with rostrum base
width and first spine length (Table 3). The mean(±standard error) PC2 scores for the Control was −0.0139±0.049 and for pH 7.8
was −0.094±0.056, indicating that control crabs had slightly different shapes than the pH 7.8 crabs.

Figure 4. Changes in crab morphology in Control and Acidified water.
Mean PC1 scores (±SE) from principle component analysis of red king crab (A) and Tanner crab (B) morphometrics for each
molt for crabs held in Control, pH 7.8, and pH 7.5 water. Symbols with different letters beside them differ significantly within
that molt stage. Note that crab size is inversely proportional to PC1 for both species.
https://doi.org/10.1371/journal.pone.0060959.g004
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Table 3. Principal component analysis of red king crab morphometrics.
https://doi.org/10.1371/journal.pone.0060959.t003

Tanner crab molted up to three times during the experiment. The first PC explained 96% of the data and so it was the only one
retained. As only one of the crabs in the pH 7.5 treatment (10%), two crabs in the pH 7.8 treatment (14%), and 8 (36%) of the
control crabs molted a third time, we did not include the third molt in our ANOVA analysis of PC1. The first PC was significantly
different among treatments, stages, and the interaction between them and was negatively correlated to all morphometric
measurements (Table 4). At the beginning of the experiment, the crabs in the pH 7.8 treatment were slightly smaller than those in
the Control, while there was no difference between the Control and the pH 7.5 treatments. After the first molt, the pH 7.5 and the pH
7.8 treatment were smaller than the Control, and after the second molt, the pH 7.5 treatments were smaller than the Control and pH
7.8 (Fig. 4). This suggests that the pH 7.5 crabs were growing more slowly than the Control and pH 7.8 crabs.

Table 4. Principal component analysis of Tanner crab morphometrics.
https://doi.org/10.1371/journal.pone.0060959.t004

Red king crabs grew faster in the control than in the pH 7.8 treatment both in terms of CL and WM (Fig. 5). There was a significant
interaction between Time (in degree days) and treatment in the analysis of CL (ANCOVA, F = 10.653, P = 0.001) indicating a
difference in slopes between the treatments. Each treatment was then regressed separately, with crab number included in the
model as a factor (Fig. 5). The change in carapace length over time was greater in control than in pH 7.8 such that by the end of the
experiment the regression equations predict 11% longer crabs in the control treatment. The best fitting model of wet mass growth
had the ‘b’ parameter differing between treatments (Table 5), indicating a faster growth rate in control water (Fig. 5). By the end of
the experiment the model predicted that crabs in control water had 61% higher masses than crabs in pH 7.8 water. The average
(±SD) intermolt period for red king crab was 450±119 degree days and ranged from 172 to 812 degree days.
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Figure 5. Growth of red king crab in Control and pH 7.8 water.
A) Carapace length and B) Wet mass. Points represent individual measurements and lines the best fit models (see text for
details. Equations for the lines are: Control-CL = 0.00737t+2.34, WM = 0.00667e ; pH 7.8-CL = 0.000506t+2.38, WM = 
0.00667e  where CL is carapace length, WM is wet mass, and t is time in degree days.
https://doi.org/10.1371/journal.pone.0060959.g005

Table 5. Models of red king crab growth ranked using AIC .
https://doi.org/10.1371/journal.pone.0060959.t005

Tanner crabs grew faster in Control and pH 7.8 water than in pH 7.5 water. At the beginning of the experiment, there was no
difference in the CW (ANOVA, F = 0.735, P = 0.482) or WM (ANOVA, F = 0.576, P = 0.564). This lack of a difference persisted after the
first molt (CW, KW test statistic = 1244, P = 0.537; WM, KW test statistic = 2.832, P = 0.243) and second molt (CW, KW test statistic = 
2.182, P = 0.336; WM, KW test statistic = 4.206, P = 0.122). The average (±SD) intermolt period for Tanner crab was 873±198 degree
days and ranged from 589 to 1481 degree days. Intermolt period did not differ between the start and the first molt (KW test statistic 
= 1.73, P = 0.421), and first and second molts (KW test statistic = 3.361, P = 0.186). However, there was a consistent trend for longer
intermolt periods and smaller growth increments in the pH 7.5 water (Fig. 6), such that by the end of the experiment there was a
significant effect of treatment on both CW (KW test statistic = 8.185, P = 0.017) and WM (KW test statistic = 8.302, P = 0.015; Fig. 6);
crabs in control water had 5% larger CWs and 16% larger WMs than crabs in pH 7.8 water, and had 28% larger CWs and 118%
larger WMs than crabs in pH 7.5 water.

0.000829t
0.000557t
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Figure 6. Growth of Tanner crab in Control and Acidified water.
A) carapace width and B) wet mass. Lines represent the average CW or wet mass after each molt and the distance between
the vertical jumps indicates the average intermolt duration. The height of the final line represents the average CW or wet
mass at the end of the experiment and the number indicates the percentage of crabs molting a third time in each of the
treatments.
https://doi.org/10.1371/journal.pone.0060959.g006

The condition index of RKC at the end of the experiment was 25% higher in Control treatment than in pH 7.8 (ANOVA, F = 5.388, P 
= 0.028; Fig. 7a). Percent calcium (dry mass) in RKC did not differ between the treatments (F = 0.028, P = 0.868; Fig. 7c). Percent
magnesium (dry mass) in RKC averaged (±SD) 0.83±0.03% and also did not differ between the treatments (F = 1.474, P = 0.236).
Tanner crab showed no difference among treatments in condition index (F = 0.509, P = 0.605; Fig. 7b) or percent magnesium which
averaged (±SD) 1.2±0.1% dry mass (F = 2.572, P = 0.088). Percent calcium was higher in Control crabs than in pH 7.8 or pH 7.5
crabs by 10% and 11% respectively (F = 5.868, P = 0.006, Fig. 7d).

Figure 7. Condition index and calcification in crabs held in Control and Acidified water.
Condition index of red king crabs (A) and Tanner crabs (B) and percent calcium (dry mass) in red king crabs (C) and Tanner
crabs (D) at the end of the experiment. Bars are mean+SE. Bars with different letters above them differ significantly.
https://doi.org/10.1371/journal.pone.0060959.g007

Discussion
Ocean acidification substantially reduced the growth, condition, and survival of two phylogenetically diverse crab species in this
long-term experiment. Even a modest decline of ∼0.2 pH units, a decline expected within the next century, had significant effects on
both species. Given the mortality and growth rates, ocean acidification levels predicted within a century will likely cause a significant
decline in the populations of both species in the absence of phenotypic or evolutionary adaptation.

The most serious negative effect of ocean acidification in this study was to increase the mortality rate in both species tested. Red
king crabs were particularly vulnerable, with all crabs dying within 95 days at pH 7.5. This mirrors the increased mortality rate of red
king crab larvae in low pH water [46]. Similar increases in mortality occur for some crustaceans [27], [54], [55] but not others [17],
[56], [57]. The increase in mortality was evident almost immediately for both species at pH 7.5, but there was not a notable
difference in mortality between the Control and pH 7.8 treatments for 50–70 days. Such a delay in the response also occurs in the
shrimp Palaemon pacificus [27] and may be due to the ability of crustaceans to regulate their acid-base equilibrium better than
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other species in the short term, but at an energetic cost that eventually results in mortality when energy reserves are depleted. This
result, combined with our other results on growth and calcification, suggests that short-term exposure to moderate decreases in pH
would have no long-term effect on these crab species. A similar pattern occurs with estuarine animals exposed to short-term
acidification [58]. Future experiments exposing animals to pHs that vary seasonally as they do in the field [59] should be performed
to examine how periodicity in pH affects survival.

The morphometry of both crab species was not affected by pH even after several molts. Although red king crabs in pH 7.8 did have
a lower PC2 score than control crabs, indicating slightly different shape, the difference was so small, with the PC2 explaining only
about 5% of the variance, that the absolute difference is unlikely to be biologically meaningful. Other species do exhibit such
morphological changes; larval pteropods, Cavolinia inflexa, exhibit malformed shells at a pH of 7.82 [14] and larval oysters,
Crassostrea gigas, fail to develop normally at a pH of 7.4 [60]; however, rapid development at the larval stage may make them
more vulnerable to stressors. Red king crab embryos and larvae do exhibit slight differences in morphology when exposed to low
pH, but the major difference is that the embryos and larvae held at low pH are slightly larger than those held in control water [46].

Both species grew more slowly in low pH waters. Again, red king crabs were more sensitive, showing a significant difference
between the pH 7.8 and control treatments, whereas for Tanner crabs the effect was not significant until the pH was reduced to 7.5.
A similar decrease in growth with decreasing pH occurs in some crustaceans [17], [27], [61], but not others [57], [62]. More subtly,
the condition index of red king crabs, though not Tanner crabs, was decreased under acidified conditions, and calcium content was
decreased in Tanner crabs but not in red king crabs. This suggests that red king crab and Tanner crab differ in their physiological
responses. Whiteley [63] suggests that crustaceans that are good ionoregulators or osmoregulators may experience a significant
energetic cost when exposed to acidified waters. For example, the velvet swimming crab Necora puber is able to buffer its
hemolymph in acidified seawater and not suffer any shell dissolution; however, at the same time it undergoes metabolic depression
which likely reduces growth [64] We hypothesize that Tanner crab do not substantially increase their expenditure of energy in
ionoregulation or osmoregulation or calcification in response to decreased pH, as evidenced by lower calcium content combined
with a comparatively modest reduction in growth and no significant decrease in condition index. Red king crabs, similar to other
crustacean species [19], seem to expend more energy in osmoregulation and calcification under acidified conditions, as evidenced
by either an increased calcium content in larvae and adults [46], or a maintenance of calcium content in juveniles. As in other
species [6], this comes at the cost of decreased growth, and condition, as the animals have less energy to expend on growth. The
same mechanism is implicated to explain decreased growth and survival in barnacle, Amphibalanus improvisus, larvae [65] and in
marine shrimp Palaemon pacidficus [27] as a result of increased CO .

The calcification of the crabs in our study has implications for our understanding of the effects of ocean acidification on calcification
in crustaceans. As reviewed by Whiteley [63], the short to medium-term effect of reduced pH is typically either an increase in
calcification or no net effect (e.g. [19], [66], [67]). In this long-term experiment, Tanner crab decreased calcification in low pH water,
something observed in few other crustacean species; Walther [13] observed a decrease in calcification in Hyas araneus larvae and
Kurihara et al. [27] inferred lower calcification rates in Palaemon pacificus from a decrease in antenna length. Red king crab may
differ in their short-term and long-term responses. In the short term, both larvae and adults increase their calcification [46], whereas
in this study there was no increase in calcification in the long-term, although this may be due to life-history differences.

Though the increase in mortality at the lowest pH levels would obviously have an effect on the populations of both species,
sublethal effects at more moderate, and therefore more imminent, reductions in pH will likely affect population and community level
processes. Smaller crab are more vulnerable to predators [68] and do not satiate predators as quickly [29], and thus a decrease in
growth rate is likely to reduce the survival of a cohort to maturity. Similarly, lower calcium content may make crabs easier prey for
crushing predators. In addition, lower growth rates will either increase the time it takes for crabs to reach maturity or decrease the
size at maturity, smaller females are less fecund for both species [38], [69], and individuals with a lower condition index may have a
lower fecundity [53], and so slower growth and a lower condition index are likely to reduce the lifetime egg production of females.
Lower survival and lifetime fecundity and changes in predator-prey dynamics [70], [71] are likely to negatively affect the populations
of both species and therefore the benthic community. At the community level [72] the effect of ocean acidification is likely to be
similar to that of other, better studied marine stressors such as hypoxia; species-specific tolerances [73] and behavioral changes
[74], [75] alter the outcomes of interspecific interactions [76], [77] leading to predictable changes in community structure [78]–[80].

Levels of ocean acidification expected within a century are likely to have a profound effect on the two economically important crab
species in this study. Increases in mortality and decreases in growth and condition suggest that the populations of both species will
suffer, with red king crab being affected first. However, it is currently unknown how much phenotypic plasticity [81] and evolutionary
adaptation [82], which occur in other species, may enable these crabs to survive, although the length of this study suggests that
phenotypic plasticity may not have an appreciable effect for these species. The change in pH over time is predicted to be gradual,
so populations will have some time to respond. Both species have closely related species, such as the scarlet king crab, Lithodes
cousi, and the grooved Tanner crab, Chionoecetes tanneri, that live in and are adapted to deep, low pH waters [23], [83], [84],
suggesting that such adaptation is possible. However, as pH levels drop in surface waters, these deep-sea crabs may begin to
compete successfully for shallower-water habitat. Finally, this research highlights the need for long-term exposure experiments to
accurately predict the effects of ocean acidification. In our experiment increases in mortality and decreases in growth were not
apparent during the first 3–4 months of exposure. Future research should focus on understanding the effects of ocean acidification
at all life history stages for both species and on effects on intraspecific interactions under acidified conditions.
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