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Environment affects species distributions 

• effects on physical resources 
& physiological needs of organisms

•mediation of species interactions

tropical intertidal temperate intertidal

community composition
macro scale



Environment affects species zonation

• effects on physical resources 
& physiological needs of organisms

•mediation of species interactions

community composition
local scale



Ocean acidification as major environmental change
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HCO3- = bicarbonate
used by most aquatic plants/algae
for photosynthesis

CO32- = carbonate
used to make skeletons and shells 
of many marine organisms (e.g., 
bivalves, corals, sponges)

Inorganic carbon nutrients
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Context for change at 
Tatoosh Island, WA

2000 2002 2004 2006 2008 2010 2012

7.0

7.5

8.0

8.5

9.0

9.5

pH

Wootton et al. 2008; Wootton et al. in prep 



©2010 Google - Imagery ©2010 TerraMetrics -

To see all the details that are visible on the
screen,use the "Print" link next to the map.

Ecological baseline at 
Tatoosh Island Species dynamics, interactions, and 

natural history are well-studied



Ecology, 65(5), 1984, pp. 1339-1348 
? 1984 by the Ecological Society of America 

ECOLOGICAL DETERMINISM IN THE 
COMPETITION FOR SPACE 

The Robert H. MacArthur Award Lecture 
Presented on 9 August 1983 
Grand Forks, North Dakota 

by 
R. T. PAINE 

Department of Zoology, University of Washington, Seattle, Washington 98195 USA 
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R. T. Paine 
MacArthur Award Recipient 

Ladies and gentlemen, fellow ecologists. It is appro- 
priate that we recognize the role played by Robert 
MacArthur in the conceptual evolution of ecology, and 
I am truly moved by the opportunity to participate. It 
has not been an easy task to determine the tone and 
focus of my lecture. I am obviously not the person to 
evaluate MacArthur's many enduring contributions to 
an impressive variety of ecological subjects. That task 
is best left to historians of science and, in my opinion, 
the analysis should be made at some future date. Nor 
am I the one to enlighten you with novel mathematical 
treatments of important ecological processes-some- 
thing Robert MacArthur excelled at. Rather, I plan to 
do the following. I will develop my own views on the 
importance of interspecific competition, a subject with 
which his name is inexorably linked. Although the top- 
ic has recently fallen on hard times (Simberloff 1982), 

I will ask whether such a strong indictment is reason- 
able for certain marine systems. To some extent, I will 
be relying heavily on observation. MacArthur contin- 
ually urged ecologists to draw their inspiration from 
naturally occurring patterns and to use their naturalist's 
intuition. I have followed this advice in pursuing my 
interests in the occurrence and relative importance of 
interspecific competition between organisms resident 
on marine rocky shores. I will deal specifically and 
solely with the sessile moiety, both plant and animal, 
and the outcomes of their contests for a required and 
limiting resource, space. 

MARINE MONOCULTURES 
In marine nearshore communities single species or 

aggregates of comparable life forms often occur as 
monocultures. Although there is a spatial and taxo- 

Ecological baseline at 
Tatoosh Island

Paine 1984



Coralline red algae

Articulated forms

Encrusting forms

Lithothamnion
phymatodeum

P. whidbeyense

Pseudolithophyllum 
muricatum

Bossiella

Corallina

Maerls and Rhodoliths

Lithophyllum 
dentatum

Phymatolithon 
calcareum

HCO3- = bicarbonate
used by most aquatic plants/algae
for photosynthesis

CO32- = carbonate
used to make skeletons and shells 
of many marine organisms (e.g., 
bivalves, corals, sponges)



220 A.D. Smith and A.A. Roth: Carbon Dioxide and Calcification in a Red Alga 

segments (Pearse, 1972) , and occurs also 
in the green algae Halimeda cylindracea and 
H. tuna (Borowitzka and Larkum, 1976a) 
and in the frond of the brown alga Padina 
japonica (Ikemori, 1970). 

Results 

Calcification and CO 2 Concentration 

Over a 9-month period, 10 standard PCO2 
experiments using Bossiella orbigniana were 
conducted (Fig. 2). Over the PCO2 in air 
range of 5.5 to 0.04%, the resultant pH 
ranged from 6.5 to 8.7, depending on the 
particular PCO2 and its flow rate (Table 
I). The PCO2 in air values were cor- 
rected by the least-squares equation 
using measured pH as outlined in "Mate- 
rials and Methods" and Table I. For in- 
stance PCO2 values of 5.5 and 0.04% in 
air gave corrected PCO2 values of 3.1 
and 0.02%, respectively for the seawater 
with plants (Table I), the difference 
being due to the influence of the plants. 

Maximum calcification, measured as 
45Ca incorporation into the inorganic 
matrix, occurred when the air supplied 
had PC02 levels between O.11 and 1.O5% 
(Fig. 2). These PCO2 levels gave pH val- 
ues in the seawater in the presence of 
plants of 8.3 and 7.1, respectively. 
Using the least-squares equation (Table 
I) these pH values gave PCO2 estimates 
for the seawater with plants of 0'04 and 
0.69%. 

Statistical analysis [BMDIOV and 
BMDO8V from Dixon (1974)], based on the 
first 6 standard PCO2 experiments, 
showed the 0.04 and 2.26% PCO2 in air 
levels to be different (P <O.O1) from 
those at O.11, 0.26, and 0.39%. The 
1.O5% PCO 2 had equivocal significance. 
Killed controls incorporated 45Ca at 
much lower rates than the living plants 
(Fig. 2). 

Increasing NaHCO 3 and Na2CO 3 Concentrations 

TWO experiments (Fig. 3, two graphs on 
the left) tested the effect upon calci- 
fication of increasing the NaHCO 3 con- 
centration. In the first, increments of 
NaHCO 3 (I to 16 mM) were added and CO 2- 
enriched air (Pco2 = 0.23%) was bubbled 
through the chambers. The pH ranged from 
7.8 (no added NaHCO 3) to 8.0 (16 mM 
added). Calcification increased in liv- 
ing plants almost logarithmically as 
NaHCO 3 increased. Between I and 8 mM 
NaHCO 3, the killed controls remained at 
exchange levels. Addition of 16 mM 
NaHCO 3 resulted in 45Ca incorporation in 
the killed controls similar to that in 
the living plants. 
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Fig. 2. Bossiella orbigniana. 45Ca uptake ex- 
pressed as a function of measured pH. PCO2 val- 
ues of supplied air are in brackets. Each open 
circle represents mean • i SE of (n) experiments 
of 6 living plants each. Each filled circle rep- 
resents mean • i SE of (n) experiments of 1 
killed control plant each; note that low point 
at pH 7.6 is based on a smaller sample. In all 
cases each plant is represented by 6 tips as- 
sayed simultaneously. Average change in pH be- 
tween start and finish of each experiment was 
• 0.05 units, except for the chamber into which 
0.04% CO2 was bubbled; here average pH change 
was + 0.2 units, suggesting non-equilibrium con- 
ditions at this PCO 2 level 

The second bicarbonate experiment was 
similar to the first except that normal 
air (Pco 2 = 0.04%) rather than CO2-en- 
riched air was bubbled through. The pH 
ranged from 8.6 (no added NaHCO 3) to 8.3 
(16 mM NaHCO 3 added). Calcification in 
living plants increased nearly linearly 
as a function of increasing NaHCO 3 con- 
centration. The killed controls showed 
only a slight increase in 45Ca uptake 
when I to 4 mM of NaHCO 3 were added; but 
a marked increase ~sing 8 to 16 mM 
NaHCO3, surpassing that of living plants. 

A third experiment (Fig. 3, graph on 
the right) differed from the previous 
two in that NaCO 3 was used instead of 
NaHCO 3. The addition of Na2CO 3 (I to 
6 mM) increased pH levels beyond those 
obtained by bubbling air (PCO2 = 0.04%) 
alone through the seawater. The resul- 
tant pH ranged from 8.5 (no added NaCO 3) 
to 9.4 (6 mM added). In the living 
plants, calcification showed a nearly 
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•use bicarbonate (HCO3-) 
for photosynthesis

•use carbonate (CO32-) to 
make skeleton

decreasing [CO32-] 
becomes limiting

increased growth
caused by
increasing [HCO3-]

pH decreasingSmith and Roth 1979

Coralline red algae (Rhodophyta, Corallinales) 



Do we observe ecological responses within or among 
coralline algae to ocean acidification at Tatoosh Island?

Use observed community response to identify important 
physiological responses that mediate ecological processes



Interactions - Herbivore-mediated competitive hierarchy

Pseudolithophyllum muricatum

Bossiella & Corallina sp.

Lithophyllum impressum

Lithothamnion phymatodeum

Pseudolithophyllum whidbeyense

Paine 1984

grazers
absent



Position on the hierarchy

slow growth

med/fast growth

fast growth

med/slow 
growth

fast growth
rapid colonizer

PM

LP

PW

LI

Art

Fast lateral growth 
= able to grow faster under low 
grazing pressure 



Position on the hierarchy

slow growth

med/fast growth

fast growth

med/slow 
growth

fast growth
rapid colonizer

PM

LP

PW

LI

Art

Thick, elevated edge 
= delay overgrowth by another species

species Bspecies A

species Bspecies A

It is harder for species B to win in Scenario 2 
because it must travel farther to achieve 
overgrowth

Scenario 1

Scenario 2



Growth strategy trade-offs

Fast lateral growth and thick edge

Overall thickness 
= better equipped to resist grazing 
damage

very thick thallus
elevated edge slow growth

med thallus
thin edge

protuberances
med/fast growth

thin thallus
thin edge fast growth

med/thick 
thallus

med edge
med/slow 

growth

very thin thallus
articulated 
segments

fast growth
rapid colonizer

PM

LP

PW

LI

Art



Johnson and Mann 1986; Paine 1984; Steneck and Paine 1986; Steneck, Hacker and Dethier 1991

Grazers
Tonicella lokii

Lottia spp.

Acmea mitra

Mopalia ciliata

Katharina tunicata

Strongylocentrotus purpuratus

crusts must be thickly 
calcified to withstand 
heavy grazing



Pseudolithophyllum muricatum

Bossiella & Corallina sp.

Lithophyllum impressum

Lithothamnion phymatodeum

Pseudolithophyllum whidbeyense

Interactions - Herbivore-mediated competitive hierarchy

Paine 1984

grazers
absent



Bossiella & Corallina sp.

L. impressum

L. phymatodeum

P. muricatum

P. whidbeyense

Interactions - Herbivore-mediated competitive hierarchy

Paine 1984

low grazer
abundance



Bossiella & Corallina sp.

L. impressumL. phymatodeum

P. muricatum

P. whidbeyense

Interactions - Herbivore-mediated competitive hierarchy

Paine 1984

high grazer
abundance



Overgrowth interactions experimental setup

Hedophyllum Cove 2010-2013 
• grazers present     x 3
• grazers removed   x 3

‣ 12 replicates / plot

12 July 2010 27 Aug 2011



Results from competitive bouts

12 July 2010
27 Aug 2011

PM LP PW LI Art

PM 21 14 1 1

LP 6 12 10 1

PW 19 30 33 10

LI 5 24 26 0

Art 1 7 2 5

grazers removed

Lo
se

rs
 (O

ve
rg

ro
w

n)

Winners

CAI = # wins
# wins + # losses

Competitive ability index
‣ ranges from 0-1

2010-2012



McCoy et al. in prepMcCoy et al. in prep
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What mechanisms might be responsible for these 
observed changes in species interactions?



very thick 
thallus

elevated edge

med thallus
thin edge

protuberances

thin thallus
thin edge

med/thick 
thallus

med edge

very thin basal 
thallus, 

articulated 
segments
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LP

PW
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McCoy et al. in prepMcCoy et al. in prep

0.6 0.8 1.0 1.2 1.4

-5
0

5
10

c(1, 1, 1)

c(
3,

 2
, 1

)

archival data
modern data

Effect of morphology? 
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Reduced competitive ability is associated with traits requiring 
more calcified tissue:

1) thicker algal crust     2) thick, elevated growing edge

Ocean acidification reduces CO32- available for calcification. 

Effect of morphology? 



Reduced competitive ability is associated with traits requiring 
more calcified tissue:

1) thicker algal crust     2) thick, elevated growing edge

Ocean acidification reduces CO32- available for calcification. 

Thus, in P. muricatum we might expect:
1) decreased calcified tissue density    2) decreased edge thickness

Effect of morphology? 



Testing hypotheses in P. muricatum

1)  % calcified tissue (by area)

2)  thickness at growing edge
growing 
edge of 

crust {

SEM imaging



% calcified tissue in P. muricatum
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Thickness at growing edge in P. muricatum

2012

McCoy in prep

1981



Competitive interactions show response to OA in the field when compared 
to historical baselines.  
-  Former competitive dominant now wins < 50% competitive bouts
-  Physiological response to OA has direct effect on species interactions in nature

Implications for intertidal biodiversity  
-  Coralline algae important to the recruitment of seagrasses and many invertebrates
-  Overgrowth boundaries provide substrate irregularity for attachment

Conclusions



Co-authors: 
Bob Paine, Cathy Pfister, Tim Wootton

Makah Tribe for access to field sites
Qiti Guo and the Chicago Materials Research 
Center for assistance with the SEM
Pfister-Wootton Lab      
Orissa Moulton and Pete Zaykoski for help with 
grazer removals

Funding:
Department of Defense NDSEG Fellowship
NSF Graduate Research Fellowship
ARCS Foundation
NSF Doctoral Dissertation Improvement Grant
Ecology GAANN
The University of Chicago Hinds Fund
Geological Society of America
Phycological Society of America

Acknowledgements



1980 1985 1990 1995 2000 2005 2010

0
10

20
30

40

 

A
bu

nd
an

ce
Site 1 - Hedophyllum Cove
Site 2 - Simon's Landing

Ab
un

da
nc

e 
Ka

th
ar

in
a 

Tu
ni

ca
ta

 / 
m

2

Grazer abundance 



McCoy et al. in prep

0 1 2 3 4 5 6

0

1

2

3

4

5

6
C

om
pe

tit
iv

e 
In

de
x

0 1 2 3 4 5 6

0

1

2

3

4

5

6

C
om

pe
tit

iv
e 

In
de

x

0

1
0

1
0

1
0

1
0

1

1981-97 2012 1981-97 2012

PM

LP

PW

LI

Art

with grazers no grazers

0.6 0.8 1.0 1.2 1.4

-5
0

5
10

c(1, 1, 1)

c(
3,

 2
, 1

)

archival data
modern data
modern data, 

     Simon’s Landing

Altered competitive interactions - 2 sites



δ13C at Tatoosh Island
context for pH trend

for systematic changes in potential explanatory variables, including
upwelling, chl a, temperature, salinity, and the Pacific Decadal
Oscillation (PDO) [2]. Here we show that the shells of a cohort of
mussels that recruited ,30 m from the instrument in the year
prior to its deployment preserved a record of a changing carbon
cycle. Additionally, archival M. californianus shells exist due to the
cadre of researchers that have studied at Tatoosh Island over the
past several decades and also from the Makah tribe who have
utilized the island for millennia [14]. We thus present isotopic
analyses of historical shell sources from the same site spanning the
past 1300 years, which demonstrate that recent carbon isotopic
compositions of shells are historically unprecedented.

Results

The modern M. californianus shells from Tatoosh Island were
aged as far back as 1999 providing historical material for as much
as 11 years per individual. The archival shell material spans from
the 1960s through 1990, while midden shells were dated back to
663–1008 AD, dates consistent with previous estimates of human
occupation [14]. The d13C values (PDB scale) ranged from 21.13
to 1.17 % from 663 A.D. until 2009. The mean value of d13C has
declined into the present with a decrease of 0.36 % from the
midden to the archival shells and an additional 0.53 % decline for
d13C in modern shells (Figure 1a, ANOVA and Tukey HSD,
F2,289 = 81.32, p,0.001). The d18O of M. californianus showed a
different pattern, with midden and modern shells having similar
means, while the archival shells had a lower mean d18O (Fig 2a,
ANOVA and Tukey HSD, F2,289 = 11.77, p,0.001), perhaps
recording warming during the 1983–1984 ENSO event. We
further verified that the shells record oceanic events by using the
Kim and O’Neil equation [15] modified by Ford [9] to predict
seawater temperature from our modern shell material. Using our
measured d18O at Tatoosh in 2009 (20.50%, n = 17 from May to
August) and 2010 (20.87%, n = 20), all modern shell d18O values
generated a range of temperatures from 5.9 to 14.0uC, with a
mean of 10.4 and 8.8 using 2009 and 2010 d18O measurements,
and were thus were highly comparable to our mean measured
seawater temperatures (Table 1).

Patterns and Environmental Correlates in Modern
Mussels

The d13C of modern shells at Tatoosh declined significantly at a
rate of 20.071 % yr21 over an 11-year period (Figure 1b, linear
mixed effects model, se = .011, n = 53, df = 85, p,0.001).
Although mussels were collected from 4 sites on Tatoosh in
2009, site was not a significant explanatory variable for d13C
measurements (Likelihood ratio Test, x1

2 = 2.8, p = 0.10) We also
found no effect of shell age on d13C when we compared the d13C
in 2007 and 2008 for large (129.3 – 158.0 mm length) versus small
(38.8–52.6 mm, n = 9) mussels collected in 2009 (ANOVA,
p = 0.547, Fig 1b). In contrast to d13C, there was no systematic
change in the d18O from these same modern M. californianus shells,
although the mean differed among years (Fig 2b, linear model,
slope = 0.006, se = 0.008, df = 85, p = 0.469). As with d13C, there
was no effect of mussel size (small vs large) on the mean d18O
(ANOVA, p = 0.091, Fig 2b). The M. californianus collected by E.
Sanford in August 2001 were 2–3 years old and thus extended
back only to 1999, overlapping with our decade-old shells collected
in 2009. Although they did not allow us to extend an archival
record prior to 1999, they further demonstrated concordance with
our 2009 shells; there were no differences in the d13C values in
1999, 2000, and 2001 (p = 0.839) nor with d18O values (p = 0.288)
with these shells of different ages. The inclusion of these 2001

shells negligibly affected our estimates of d13C with year, resulting
in a slope of 20.069 vs 20.071 % yr21 without these 2001 shells.

Carbon and oxygen isotopes of mussels showed some strong
relationships with environmental data. The d13C of mussels
exhibited a significant negative relationship with the annually
averaged upwelling index (UI) and a significant positive relationship

Figure 1. The d13C for inner shell material of M. californianus
from Tatoosh Island. a. The d13C (%, PDB scale) for inner shell
material from 663 to 2009 AD. The data are divided into Native
American midden shells (black, n = 11), archival shells (red) collected
,1975 (n = 5), 1986 (n = 7), 1990 (n = 3), and modern shells (blue)
collected in 2009 and 2010 (n = 56). Note that the archival shells from
the 1970s do not have an exact collection year; we have assigned them
1975. Means for each of these 3 groups are shown with standard error
bars. Inset figure shows the relationship between d13C and age (in
years) using a linear mixed effects model for each of the 3 shell
groupings. There was no relationship between d13C and mussel age for
archival shells (coefficient = 0.003 % yr21, df = 49, p = 0.823) while
midden mussels showed a positive relationship (0.064 % yr21, df = 38,
p = 0.041). b. An expanded scale for the relationship between d13C and
year for modern shells only with small, young shells (38.8–52.6, n = 9)
designated with a ‘‘o’’. A linear mixed effects model estimated a
significant negative slope of 20.071 % yr21 (se = 0.011, df = 85,
p,0.001).
doi:10.1371/journal.pone.0025766.g001
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for systematic changes in potential explanatory variables, including
upwelling, chl a, temperature, salinity, and the Pacific Decadal
Oscillation (PDO) [2]. Here we show that the shells of a cohort of
mussels that recruited ,30 m from the instrument in the year
prior to its deployment preserved a record of a changing carbon
cycle. Additionally, archival M. californianus shells exist due to the
cadre of researchers that have studied at Tatoosh Island over the
past several decades and also from the Makah tribe who have
utilized the island for millennia [14]. We thus present isotopic
analyses of historical shell sources from the same site spanning the
past 1300 years, which demonstrate that recent carbon isotopic
compositions of shells are historically unprecedented.

Results

The modern M. californianus shells from Tatoosh Island were
aged as far back as 1999 providing historical material for as much
as 11 years per individual. The archival shell material spans from
the 1960s through 1990, while midden shells were dated back to
663–1008 AD, dates consistent with previous estimates of human
occupation [14]. The d13C values (PDB scale) ranged from 21.13
to 1.17 % from 663 A.D. until 2009. The mean value of d13C has
declined into the present with a decrease of 0.36 % from the
midden to the archival shells and an additional 0.53 % decline for
d13C in modern shells (Figure 1a, ANOVA and Tukey HSD,
F2,289 = 81.32, p,0.001). The d18O of M. californianus showed a
different pattern, with midden and modern shells having similar
means, while the archival shells had a lower mean d18O (Fig 2a,
ANOVA and Tukey HSD, F2,289 = 11.77, p,0.001), perhaps
recording warming during the 1983–1984 ENSO event. We
further verified that the shells record oceanic events by using the
Kim and O’Neil equation [15] modified by Ford [9] to predict
seawater temperature from our modern shell material. Using our
measured d18O at Tatoosh in 2009 (20.50%, n = 17 from May to
August) and 2010 (20.87%, n = 20), all modern shell d18O values
generated a range of temperatures from 5.9 to 14.0uC, with a
mean of 10.4 and 8.8 using 2009 and 2010 d18O measurements,
and were thus were highly comparable to our mean measured
seawater temperatures (Table 1).

Patterns and Environmental Correlates in Modern
Mussels

The d13C of modern shells at Tatoosh declined significantly at a
rate of 20.071 % yr21 over an 11-year period (Figure 1b, linear
mixed effects model, se = .011, n = 53, df = 85, p,0.001).
Although mussels were collected from 4 sites on Tatoosh in
2009, site was not a significant explanatory variable for d13C
measurements (Likelihood ratio Test, x1

2 = 2.8, p = 0.10) We also
found no effect of shell age on d13C when we compared the d13C
in 2007 and 2008 for large (129.3 – 158.0 mm length) versus small
(38.8–52.6 mm, n = 9) mussels collected in 2009 (ANOVA,
p = 0.547, Fig 1b). In contrast to d13C, there was no systematic
change in the d18O from these same modern M. californianus shells,
although the mean differed among years (Fig 2b, linear model,
slope = 0.006, se = 0.008, df = 85, p = 0.469). As with d13C, there
was no effect of mussel size (small vs large) on the mean d18O
(ANOVA, p = 0.091, Fig 2b). The M. californianus collected by E.
Sanford in August 2001 were 2–3 years old and thus extended
back only to 1999, overlapping with our decade-old shells collected
in 2009. Although they did not allow us to extend an archival
record prior to 1999, they further demonstrated concordance with
our 2009 shells; there were no differences in the d13C values in
1999, 2000, and 2001 (p = 0.839) nor with d18O values (p = 0.288)
with these shells of different ages. The inclusion of these 2001

shells negligibly affected our estimates of d13C with year, resulting
in a slope of 20.069 vs 20.071 % yr21 without these 2001 shells.

Carbon and oxygen isotopes of mussels showed some strong
relationships with environmental data. The d13C of mussels
exhibited a significant negative relationship with the annually
averaged upwelling index (UI) and a significant positive relationship

Figure 1. The d13C for inner shell material of M. californianus
from Tatoosh Island. a. The d13C (%, PDB scale) for inner shell
material from 663 to 2009 AD. The data are divided into Native
American midden shells (black, n = 11), archival shells (red) collected
,1975 (n = 5), 1986 (n = 7), 1990 (n = 3), and modern shells (blue)
collected in 2009 and 2010 (n = 56). Note that the archival shells from
the 1970s do not have an exact collection year; we have assigned them
1975. Means for each of these 3 groups are shown with standard error
bars. Inset figure shows the relationship between d13C and age (in
years) using a linear mixed effects model for each of the 3 shell
groupings. There was no relationship between d13C and mussel age for
archival shells (coefficient = 0.003 % yr21, df = 49, p = 0.823) while
midden mussels showed a positive relationship (0.064 % yr21, df = 38,
p = 0.041). b. An expanded scale for the relationship between d13C and
year for modern shells only with small, young shells (38.8–52.6, n = 9)
designated with a ‘‘o’’. A linear mixed effects model estimated a
significant negative slope of 20.071 % yr21 (se = 0.011, df = 85,
p,0.001).
doi:10.1371/journal.pone.0025766.g001
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for systematic changes in potential explanatory variables, including
upwelling, chl a, temperature, salinity, and the Pacific Decadal
Oscillation (PDO) [2]. Here we show that the shells of a cohort of
mussels that recruited ,30 m from the instrument in the year
prior to its deployment preserved a record of a changing carbon
cycle. Additionally, archival M. californianus shells exist due to the
cadre of researchers that have studied at Tatoosh Island over the
past several decades and also from the Makah tribe who have
utilized the island for millennia [14]. We thus present isotopic
analyses of historical shell sources from the same site spanning the
past 1300 years, which demonstrate that recent carbon isotopic
compositions of shells are historically unprecedented.

Results

The modern M. californianus shells from Tatoosh Island were
aged as far back as 1999 providing historical material for as much
as 11 years per individual. The archival shell material spans from
the 1960s through 1990, while midden shells were dated back to
663–1008 AD, dates consistent with previous estimates of human
occupation [14]. The d13C values (PDB scale) ranged from 21.13
to 1.17 % from 663 A.D. until 2009. The mean value of d13C has
declined into the present with a decrease of 0.36 % from the
midden to the archival shells and an additional 0.53 % decline for
d13C in modern shells (Figure 1a, ANOVA and Tukey HSD,
F2,289 = 81.32, p,0.001). The d18O of M. californianus showed a
different pattern, with midden and modern shells having similar
means, while the archival shells had a lower mean d18O (Fig 2a,
ANOVA and Tukey HSD, F2,289 = 11.77, p,0.001), perhaps
recording warming during the 1983–1984 ENSO event. We
further verified that the shells record oceanic events by using the
Kim and O’Neil equation [15] modified by Ford [9] to predict
seawater temperature from our modern shell material. Using our
measured d18O at Tatoosh in 2009 (20.50%, n = 17 from May to
August) and 2010 (20.87%, n = 20), all modern shell d18O values
generated a range of temperatures from 5.9 to 14.0uC, with a
mean of 10.4 and 8.8 using 2009 and 2010 d18O measurements,
and were thus were highly comparable to our mean measured
seawater temperatures (Table 1).

Patterns and Environmental Correlates in Modern
Mussels

The d13C of modern shells at Tatoosh declined significantly at a
rate of 20.071 % yr21 over an 11-year period (Figure 1b, linear
mixed effects model, se = .011, n = 53, df = 85, p,0.001).
Although mussels were collected from 4 sites on Tatoosh in
2009, site was not a significant explanatory variable for d13C
measurements (Likelihood ratio Test, x1

2 = 2.8, p = 0.10) We also
found no effect of shell age on d13C when we compared the d13C
in 2007 and 2008 for large (129.3 – 158.0 mm length) versus small
(38.8–52.6 mm, n = 9) mussels collected in 2009 (ANOVA,
p = 0.547, Fig 1b). In contrast to d13C, there was no systematic
change in the d18O from these same modern M. californianus shells,
although the mean differed among years (Fig 2b, linear model,
slope = 0.006, se = 0.008, df = 85, p = 0.469). As with d13C, there
was no effect of mussel size (small vs large) on the mean d18O
(ANOVA, p = 0.091, Fig 2b). The M. californianus collected by E.
Sanford in August 2001 were 2–3 years old and thus extended
back only to 1999, overlapping with our decade-old shells collected
in 2009. Although they did not allow us to extend an archival
record prior to 1999, they further demonstrated concordance with
our 2009 shells; there were no differences in the d13C values in
1999, 2000, and 2001 (p = 0.839) nor with d18O values (p = 0.288)
with these shells of different ages. The inclusion of these 2001

shells negligibly affected our estimates of d13C with year, resulting
in a slope of 20.069 vs 20.071 % yr21 without these 2001 shells.

Carbon and oxygen isotopes of mussels showed some strong
relationships with environmental data. The d13C of mussels
exhibited a significant negative relationship with the annually
averaged upwelling index (UI) and a significant positive relationship

Figure 1. The d13C for inner shell material of M. californianus
from Tatoosh Island. a. The d13C (%, PDB scale) for inner shell
material from 663 to 2009 AD. The data are divided into Native
American midden shells (black, n = 11), archival shells (red) collected
,1975 (n = 5), 1986 (n = 7), 1990 (n = 3), and modern shells (blue)
collected in 2009 and 2010 (n = 56). Note that the archival shells from
the 1970s do not have an exact collection year; we have assigned them
1975. Means for each of these 3 groups are shown with standard error
bars. Inset figure shows the relationship between d13C and age (in
years) using a linear mixed effects model for each of the 3 shell
groupings. There was no relationship between d13C and mussel age for
archival shells (coefficient = 0.003 % yr21, df = 49, p = 0.823) while
midden mussels showed a positive relationship (0.064 % yr21, df = 38,
p = 0.041). b. An expanded scale for the relationship between d13C and
year for modern shells only with small, young shells (38.8–52.6, n = 9)
designated with a ‘‘o’’. A linear mixed effects model estimated a
significant negative slope of 20.071 % yr21 (se = 0.011, df = 85,
p,0.001).
doi:10.1371/journal.pone.0025766.g001
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for systematic changes in potential explanatory variables, including
upwelling, chl a, temperature, salinity, and the Pacific Decadal
Oscillation (PDO) [2]. Here we show that the shells of a cohort of
mussels that recruited ,30 m from the instrument in the year
prior to its deployment preserved a record of a changing carbon
cycle. Additionally, archival M. californianus shells exist due to the
cadre of researchers that have studied at Tatoosh Island over the
past several decades and also from the Makah tribe who have
utilized the island for millennia [14]. We thus present isotopic
analyses of historical shell sources from the same site spanning the
past 1300 years, which demonstrate that recent carbon isotopic
compositions of shells are historically unprecedented.

Results

The modern M. californianus shells from Tatoosh Island were
aged as far back as 1999 providing historical material for as much
as 11 years per individual. The archival shell material spans from
the 1960s through 1990, while midden shells were dated back to
663–1008 AD, dates consistent with previous estimates of human
occupation [14]. The d13C values (PDB scale) ranged from 21.13
to 1.17 % from 663 A.D. until 2009. The mean value of d13C has
declined into the present with a decrease of 0.36 % from the
midden to the archival shells and an additional 0.53 % decline for
d13C in modern shells (Figure 1a, ANOVA and Tukey HSD,
F2,289 = 81.32, p,0.001). The d18O of M. californianus showed a
different pattern, with midden and modern shells having similar
means, while the archival shells had a lower mean d18O (Fig 2a,
ANOVA and Tukey HSD, F2,289 = 11.77, p,0.001), perhaps
recording warming during the 1983–1984 ENSO event. We
further verified that the shells record oceanic events by using the
Kim and O’Neil equation [15] modified by Ford [9] to predict
seawater temperature from our modern shell material. Using our
measured d18O at Tatoosh in 2009 (20.50%, n = 17 from May to
August) and 2010 (20.87%, n = 20), all modern shell d18O values
generated a range of temperatures from 5.9 to 14.0uC, with a
mean of 10.4 and 8.8 using 2009 and 2010 d18O measurements,
and were thus were highly comparable to our mean measured
seawater temperatures (Table 1).

Patterns and Environmental Correlates in Modern
Mussels

The d13C of modern shells at Tatoosh declined significantly at a
rate of 20.071 % yr21 over an 11-year period (Figure 1b, linear
mixed effects model, se = .011, n = 53, df = 85, p,0.001).
Although mussels were collected from 4 sites on Tatoosh in
2009, site was not a significant explanatory variable for d13C
measurements (Likelihood ratio Test, x1

2 = 2.8, p = 0.10) We also
found no effect of shell age on d13C when we compared the d13C
in 2007 and 2008 for large (129.3 – 158.0 mm length) versus small
(38.8–52.6 mm, n = 9) mussels collected in 2009 (ANOVA,
p = 0.547, Fig 1b). In contrast to d13C, there was no systematic
change in the d18O from these same modern M. californianus shells,
although the mean differed among years (Fig 2b, linear model,
slope = 0.006, se = 0.008, df = 85, p = 0.469). As with d13C, there
was no effect of mussel size (small vs large) on the mean d18O
(ANOVA, p = 0.091, Fig 2b). The M. californianus collected by E.
Sanford in August 2001 were 2–3 years old and thus extended
back only to 1999, overlapping with our decade-old shells collected
in 2009. Although they did not allow us to extend an archival
record prior to 1999, they further demonstrated concordance with
our 2009 shells; there were no differences in the d13C values in
1999, 2000, and 2001 (p = 0.839) nor with d18O values (p = 0.288)
with these shells of different ages. The inclusion of these 2001

shells negligibly affected our estimates of d13C with year, resulting
in a slope of 20.069 vs 20.071 % yr21 without these 2001 shells.

Carbon and oxygen isotopes of mussels showed some strong
relationships with environmental data. The d13C of mussels
exhibited a significant negative relationship with the annually
averaged upwelling index (UI) and a significant positive relationship

Figure 1. The d13C for inner shell material of M. californianus
from Tatoosh Island. a. The d13C (%, PDB scale) for inner shell
material from 663 to 2009 AD. The data are divided into Native
American midden shells (black, n = 11), archival shells (red) collected
,1975 (n = 5), 1986 (n = 7), 1990 (n = 3), and modern shells (blue)
collected in 2009 and 2010 (n = 56). Note that the archival shells from
the 1970s do not have an exact collection year; we have assigned them
1975. Means for each of these 3 groups are shown with standard error
bars. Inset figure shows the relationship between d13C and age (in
years) using a linear mixed effects model for each of the 3 shell
groupings. There was no relationship between d13C and mussel age for
archival shells (coefficient = 0.003 % yr21, df = 49, p = 0.823) while
midden mussels showed a positive relationship (0.064 % yr21, df = 38,
p = 0.041). b. An expanded scale for the relationship between d13C and
year for modern shells only with small, young shells (38.8–52.6, n = 9)
designated with a ‘‘o’’. A linear mixed effects model estimated a
significant negative slope of 20.071 % yr21 (se = 0.011, df = 85,
p,0.001).
doi:10.1371/journal.pone.0025766.g001
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for systematic changes in potential explanatory variables, including
upwelling, chl a, temperature, salinity, and the Pacific Decadal
Oscillation (PDO) [2]. Here we show that the shells of a cohort of
mussels that recruited ,30 m from the instrument in the year
prior to its deployment preserved a record of a changing carbon
cycle. Additionally, archival M. californianus shells exist due to the
cadre of researchers that have studied at Tatoosh Island over the
past several decades and also from the Makah tribe who have
utilized the island for millennia [14]. We thus present isotopic
analyses of historical shell sources from the same site spanning the
past 1300 years, which demonstrate that recent carbon isotopic
compositions of shells are historically unprecedented.

Results

The modern M. californianus shells from Tatoosh Island were
aged as far back as 1999 providing historical material for as much
as 11 years per individual. The archival shell material spans from
the 1960s through 1990, while midden shells were dated back to
663–1008 AD, dates consistent with previous estimates of human
occupation [14]. The d13C values (PDB scale) ranged from 21.13
to 1.17 % from 663 A.D. until 2009. The mean value of d13C has
declined into the present with a decrease of 0.36 % from the
midden to the archival shells and an additional 0.53 % decline for
d13C in modern shells (Figure 1a, ANOVA and Tukey HSD,
F2,289 = 81.32, p,0.001). The d18O of M. californianus showed a
different pattern, with midden and modern shells having similar
means, while the archival shells had a lower mean d18O (Fig 2a,
ANOVA and Tukey HSD, F2,289 = 11.77, p,0.001), perhaps
recording warming during the 1983–1984 ENSO event. We
further verified that the shells record oceanic events by using the
Kim and O’Neil equation [15] modified by Ford [9] to predict
seawater temperature from our modern shell material. Using our
measured d18O at Tatoosh in 2009 (20.50%, n = 17 from May to
August) and 2010 (20.87%, n = 20), all modern shell d18O values
generated a range of temperatures from 5.9 to 14.0uC, with a
mean of 10.4 and 8.8 using 2009 and 2010 d18O measurements,
and were thus were highly comparable to our mean measured
seawater temperatures (Table 1).

Patterns and Environmental Correlates in Modern
Mussels

The d13C of modern shells at Tatoosh declined significantly at a
rate of 20.071 % yr21 over an 11-year period (Figure 1b, linear
mixed effects model, se = .011, n = 53, df = 85, p,0.001).
Although mussels were collected from 4 sites on Tatoosh in
2009, site was not a significant explanatory variable for d13C
measurements (Likelihood ratio Test, x1

2 = 2.8, p = 0.10) We also
found no effect of shell age on d13C when we compared the d13C
in 2007 and 2008 for large (129.3 – 158.0 mm length) versus small
(38.8–52.6 mm, n = 9) mussels collected in 2009 (ANOVA,
p = 0.547, Fig 1b). In contrast to d13C, there was no systematic
change in the d18O from these same modern M. californianus shells,
although the mean differed among years (Fig 2b, linear model,
slope = 0.006, se = 0.008, df = 85, p = 0.469). As with d13C, there
was no effect of mussel size (small vs large) on the mean d18O
(ANOVA, p = 0.091, Fig 2b). The M. californianus collected by E.
Sanford in August 2001 were 2–3 years old and thus extended
back only to 1999, overlapping with our decade-old shells collected
in 2009. Although they did not allow us to extend an archival
record prior to 1999, they further demonstrated concordance with
our 2009 shells; there were no differences in the d13C values in
1999, 2000, and 2001 (p = 0.839) nor with d18O values (p = 0.288)
with these shells of different ages. The inclusion of these 2001

shells negligibly affected our estimates of d13C with year, resulting
in a slope of 20.069 vs 20.071 % yr21 without these 2001 shells.

Carbon and oxygen isotopes of mussels showed some strong
relationships with environmental data. The d13C of mussels
exhibited a significant negative relationship with the annually
averaged upwelling index (UI) and a significant positive relationship

Figure 1. The d13C for inner shell material of M. californianus
from Tatoosh Island. a. The d13C (%, PDB scale) for inner shell
material from 663 to 2009 AD. The data are divided into Native
American midden shells (black, n = 11), archival shells (red) collected
,1975 (n = 5), 1986 (n = 7), 1990 (n = 3), and modern shells (blue)
collected in 2009 and 2010 (n = 56). Note that the archival shells from
the 1970s do not have an exact collection year; we have assigned them
1975. Means for each of these 3 groups are shown with standard error
bars. Inset figure shows the relationship between d13C and age (in
years) using a linear mixed effects model for each of the 3 shell
groupings. There was no relationship between d13C and mussel age for
archival shells (coefficient = 0.003 % yr21, df = 49, p = 0.823) while
midden mussels showed a positive relationship (0.064 % yr21, df = 38,
p = 0.041). b. An expanded scale for the relationship between d13C and
year for modern shells only with small, young shells (38.8–52.6, n = 9)
designated with a ‘‘o’’. A linear mixed effects model estimated a
significant negative slope of 20.071 % yr21 (se = 0.011, df = 85,
p,0.001).
doi:10.1371/journal.pone.0025766.g001
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