The University of Maine
Digital Commons@UMaine

Marine Sciences Faculty Scholarship School of Marine Sciences

1-1-2011

Twentieth Century Delta 0C Variability in Surface
Water Dissolved Inorganic Carbon Recorded by
Coralline Algae in the Northern North Pacific

Ocean and the Bering Sea

B. Williams
J. Halfar

Robert Steneck

University of Maine - Main, steneck@maine.edu
U. G. Wortmann

S. Hetzinger

See next page for additional authors

Follow this and additional works at: https://digitalcommons.library.umaine.edu/sms_facpub

Repository Citation

Williams, B.; Halfar, J.; Steneck, Robert; Wortmann, U. G.; Hetzinger, S.; Adey, W.; Lebednik, P.; and Joachimski, M., "Twentieth
Century Delta 5C Variability in Surface Water Dissolved Inorganic Carbon Recorded by Coralline Algae in the Northern North Pacific
Ocean and the Bering Sea" (2011). Marine Sciences Faculty Scholarship. 139.
https://digitalcommons.library.umaine.edu/sms_facpub/139

This Article is brought to you for free and open access by Digital Commons@UMaine. It has been accepted for inclusion in Marine Sciences Faculty
Scholarship by an authorized administrator of Digital Commons@UMaine. For more information, please contact

um.library.technical.services@maine.edu.


https://digitalcommons.library.umaine.edu?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.umaine.edu/sms_facpub?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.umaine.edu/sms?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.umaine.edu/sms_facpub?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.library.umaine.edu/sms_facpub/139?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:um.library.technical.services@maine.edu

Authors
B. Williams, J. Halfar, Robert Steneck, U. G. Wortmann, S. Hetzinger, W. Adey, P. Lebednik, and M.
Joachimski

This article is available at Digital Commons@UMaine: https://digitalcommons.library.umaine.edu/sms_facpub/139


https://digitalcommons.library.umaine.edu/sms_facpub/139?utm_source=digitalcommons.library.umaine.edu%2Fsms_facpub%2F139&utm_medium=PDF&utm_campaign=PDFCoverPages

Biogeosciences, 8, 16574, 2011 A . .
www.biogeosciences.net/8/165/2011/ ‘GG’ Biogeosciences
doi:10.5194/bg-8-165-2011 _
© Author(s) 2011. CC Attribution 3.0 License.

Twentieth century §13C variability in surface water dissolved
inorganic carbon recorded by coralline algae in the northern North
Pacific Ocean and the Bering Sea

B. Williams?, J. Halfar®, R. S. Steneck, U. G. Wortmann?, S. Hetzingef", W. Adey*, P. Lebednilk®, and
M. Joachimski®

1Department of Chemical and Physical Sciences, University of Toronto, Mississauga, Ontario, Canada
2Darling Marine Center, University of Maine, Walpole, Maine, USA

3Department of Geology, University of Toronto, Mississauga, Ontario, Canada

4Department of Botany, Smithsonian Institution, Washington, D.C., USA

SARCADIS US Inc., Walnut Creek, California, USA

S|nstitut fir Geologie und Mineralogie, UniveraitErlangen, Erlangen, Germany

“current address: IFM-GEOMAR, Leibniz Institute of Marine Sciences, Kiel, Germany

Received: 12 July 2010 — Published in Biogeosciences Discuss.: 30 July 2010
Revised: 23 November 2010 — Accepted: 6 December 2010 — Published: 24 January 2011

Abstract. The oxygen isotopic composition and Mg/Ca ra- 4—7 year and bidecadal timescales supporting an atmospheric
tios in the skeletons of long-lived coralline algae record am-teleconnection of tropical climate patterns to the northern
bient seawater temperature over time. Similarly, the carborNorth Pacific Ocean and Bering Sea manifested as changes
isotopic composition in the skeletons recéfdC values of  in upwelling.

ambient seawater dissolved inorganic carbon. Here, we mea-
sureds?3C in the coralline alg&lathromorphum nereostra-
tumto test the feasibility of reconstructing the intrusion of
anthropogenic C@into the northern North Pacific Ocean

and Bering Sea. Th&3C was measured in the high Mg- , .
calcite skeleton of thre€. nereostratunspecimens from The world's oceans have taken up approximately half of the

two islands 500 km apart in the Aleutian archipelago. In anthropogenic Cemitted into the atmosphere (Sabine et

the records spanning 1887 to 2003, the average decadal rat?et' " 2004a). Sln(ée a?thrdo_pogtﬁnlc emlhssu_)ns Oﬁ(g‘%“ml;e
of decline ins13C values increased from 0.03%. Vrin the 0 'NCr€ase, understanding theé mechanisms o (ake

1960s to 0.095%. yr! in the 1990s, which was higher than b%/ ttr?e ocean taretz Ef con5|dtehrable Importance. Thg ?b'“ty
expected due to solely th#3C-Suess effect. Deeper wa- ge ei dqr?ealrz;r Oel ao?w ltjr?ealgcarl(/)r%ogs:zl;l: an@telr Iretz r\;\” eergt e
ter in this region exhibits higher concentrations of £&nd pending largely gl W perature,

low 813C values. Transport of deeper water into surface wa-ocean circulation, and biological productivity. This is par-
ter (i.e., upwelling) increases when the Aleutian Low is in- ticularly true in the subarctic Pacific Ocean, where estimates

tensified. We hypothesized that the acceleration of{i€ of cardbon uptakbe tratet_s Iflronl\]l direct me?SlIJrlegggt.s and ptr0>|<y
decline may result from increased upwelling from the 1960326()%0;_ ?:;/r?a:KaSZt Zlanzgiog ( I'EZ\IIS(;:Z ?es II’t of Iar,%usgaesoiél
to 1990s, which in turn was driven by increased intensity of ' o ), likely u 9

, . d interannual variability in the physical and biological con-
the Aleutian Low. Detrended®3C records also varied on & ;
trols on surface water G{JSabine et al., 2004b). Therefore,

robust, high-resolution records of seawater,d@this re-
gion are needed to more accurately understand the role of

Correspondence td. Williams the northern North Pacific Ocean and Bering Sea in absorb-
BY

(branwen.Wi”iams@utoronto.ca) |ng anth ropogenic Cco

1 Introduction
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The ratio®3C/A2C of seawater dissolved inorganic carbon 160° 180°
(DIC), expressed a8'3Cpic, is a useful method to mea- * [Fo& 7 .
sure the intrusion of anthropogenic €@to surface wa- P Bering Sea

ters (Quay et al., 1992). Specificalb}3Cp,c values record

thes13C-Suess effect (i.e., the burning of isotopically “light” | . I g

fossil fuels, which decreases tH€C value of carbon reser- % G L o™

voirs). Thes!3C values in atmospheric GOat Pt. Bar- o} .7 ) 50
row, Alaska decreased 0.02%. yr from the early 1980s e LI .

to the early 2000s (Keeling et al., 2001). In contrast, re- s [ > 2% Norther Pecie ocear 45

peated cruises in the subarctic Pacific recorded little to nc 160" 180 16

decrease i’ °C values of surface water DIC between 1970 Fig. 1. Location of sample collection sites offshore of Attu and
9413 .1

gnodllz.;foygf(%uf?gmet fgla’ggotg%(\;\:)hf iﬁ?}'g \v/vaell;'?esrr?el\(l:g?ﬁ}lslii- A_mchitka Islands alpng the Aleutian Arc_in Fhe northern North Pa-
e . . cific Ocean and Bering Sea. Black circle indicates sample locations.

cific station KNQT (Tanaka et al., 2003). In thgse studles,(Malo generated &tttp:/www.planiglobe.cor.

the depressed influence of th&C-Suess effect in the sur-

face waters of the subarctic Pacific water was attributed to

rapid renewal of surface waters which prevents the subpolar

gyres from equilibrating with the atmosphere (Quay et al.,2 Methods

2003). This reduces the penetration of atmospherig G

the surface waters, and drives the disequilibrium between aty 1 sample collection

mospheric C@ and surface wateY3Cp,c values. However,

these instrumental3Cp,c measurements are limited both in . .
pIC Two specimens of the coralline alga nereostratun{Attu

fnmdpsor:tlizgll(?i. 'eregﬁztIgg;tsisnd;:astlgggﬁthﬁ Ct)\%) (;jiz:ﬁb%?;g:f)ll'df and AM4-1) were collected live from 10 m depth during
b Y " a research cruise in August 2004 from the Aleutian Islands

In addition, skeletad™C values from a\{a|lable marine proxy gFig. 1). Attu 11-4 was collected offshore of the southern side
records decreased at a rate exceeding that of instrument

. . o%‘ Attu Island (5247.79N, 17310.80E) and was primar-
records. In a gorgonian soft coral in the Alaskan stream,; .
513C values declined at a rate of 0.015%; yr(Williams et ily influenced by the Alaskan Stream. The Alaskan Stream

. . originates in the Gulf of Alaska and turns into the Bering
al., 2007). However, this is the only record available from Sea throuah the Aleutian Islands passages where it is the
sessile organisms in the northern North Pacific. THC 9 P 9

. p. . ; dominant source of relatively warm, fresh and nutrient-rich
values from subarctic Pacific marine mammals declined at  ater (Reed and Stabeno, 1994). AM4-1 was collected off-
rate of 0.02 to 0.06%. yr* (Newsome et al., 2007; Schell, ' '

shore of the northern side of Amchitka Island {82.72 N,

200.1)' These records are also u.seful, but their source fron179’23.83 W). The US National Herbarium of the Smithso-
marine mammals has inherent disadvantages. For examplé

it is difficult to differentiate changes in the baseli¥éCp,c fian Institution in Washington, DC provided a third sam-

relating to anthropogenic causes from temporal shifts in thé)Ie collected live in 1969 from 25 m deep offshore of the

. . . northeast side of Amchitka Island (AM-KR-80; &11.67 N,

foraging zones of the marine mammals that have dlfferentl79028 33W). Both speci f fishore Amchi )
. . . . pecimens from offshore Amchitka Is
isotopic values at the base of the food web (Newsome et al'l’and were bathed by the Bering Sea
2007; Hirons et al., 2001). Variability within a marine mam- '
mal sample set, i.e., in size, gender, and age, may also ob-
scure baseline changes (Hobson et al., 2004). 2.2 Sample preparation and analyses

Coralline algae are a new climate archive in the subarc-
tic regions (Halfar et al., 2008; Kamenos et al., 2009). InUntreated algal specimens AM4-1 and Attu 11-4 were sec-
particular, paleo-temperature reconstructions extending tdioned in half and roughly polished onboard the research
1887 have been derived from the coralline alg@zlathro- cruise. A 3-mm thick slice was removed from the museum
morphum nereostratuifiHalfar et al., 2007; Hetzinger et al., specimen AM-KR-80 and mounted onto thin-section glass.
2009), a species which is abundant throughout the Aleutiarin the lab, the sections were polished with decreasing grit
Islands (Lebednik, 1976). Measurements of skel&t&dD sizes on a Struers Labopol polishing disk. Polished sec-
and Mg/Ca inC. nereostratuncombined with visible annual tions were then photographed using an Olympus reflected
growth increments in the skeleton have yielded robust growtHight microscope attached to an automated sampling stage-
chronologies with sub-annual resolution (Halfar et al., 2007;imaging system equipped with geo.TS software (see Het-
Hetzinger et al., 2009). Therefore, the goal of this paperzinger et al. (2009) for details). Annual increments in the
was to demonstrate the potential of utilizi@gnereostratum  skeleton were clearly visible in the resulting high quality im-
as recorders of seawat&t3Cp,c and extract robust, high- ages and were digitally mapped using the geo.TS software.
resolution records of subarctié3Cp,c. This allowed for the location of each sample milled for stable

Biogeosciences, 8, 165%4, 2011 www.biogeosciences.net/8/165/2011/
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2.3 Data analyses

The predicted isotopic equilibrium values ®C ands80
in inorganic high-Mg calcite were estimated from the equa-
tions of Romanek et al. (1992) and Kim and O’Neil (1997),
respectively. To accout for the average 9.9 mol % Mg con-
tent in the skeleton (from Hetzinger et al., 2009), 0.24%. and
1.68%0 were added to th&'3C and 580 values, respec-
tively, according to Jiranez-lopez et al. (2004, 2006). The
§13C value of seawater was calculated from the average of
. o . six measurements from less than 15m depth taken in June
- ) and August during two cruises in the northern Pacific dur-
ing 1992 and 1993 (cruise ID: 31VICI2 and 3250214
Fig. 2. Photomosaic of polished section of specimen AM4-1 with data obtained fronhttp:/cdiac.ornl.gov/oceans/home.html
laser transect and micromill path. Micromilling path ran parallel Key et al. (2004)). The180 value of seawater was calcu-
to growth increments. Clear annual growth increments from 2003|504 from the average of 33 measurements from less than
to 19_68 \_Nere L_lsed in conjunction with Mg/Ca measured by Iaser15m depth taken in June and August in 1990, 1993, and
ablation inductively coupled plasma mass spectrometry to develop?L995 (data obtained frorttp:/data.giss.nasa.govio18data

a robust growth chronology for this specimen. Samples for sta- .
ble isotope analysis were micromilled directly adjacent to the IaserCOOper etal. (1997), Munchow et al. (1999), and Schmidt et

transects. al. (1999)).
Chronologies developed in Halfar et al. (2007) and

Hetzinger et al. (2009) (also see Sect. 3.1) were applied
isotope analysis (see below) to be carefully digitized on theto the specimens. Isotope data were averaged to annual
photomosaic (Fig. 2). In addition, the widths of each of resolution. T-tests compared averag€C values from
the growth increments were measured using the geo.TS softt937 to 1967 for AM-KR-80 and Attu 11-4 and from
ware. 1968 to 2003 for AM4-1 and Attu 11-4. Attu 11-4 was

Polished and photographed sections were cleaned in an utombined with AM4-1 from 1967—2003 and the dataset was
trasonic bath for three ten-minute intervals with deionized smoothed using a 7-year running average from 1937—2003.
water and dried overnight. Working from the outside edgeThe line of best fit was calculated using SigmaPlot (Systat
of the specimen which represented the most recent growtiSoftware Inc., San Jose, CA) for this dataset to determine
toward the oldest part of the sample, skeletal material fordecadal rates of decrease from the 1960s to 2003. The
stable isotope analyses was removed by a high-precisiorspecimen-specific offset for AM-KR-80 (see Sect. 3.3)
computer-driven micromill attached to an x, y, and z stageprevented the inclusion of this sample in this dataset. The
using digitized milling path positions. Sampling resolution Aleutian Low Pressure Index (ALPI), the most important
for stable isotope analysis varied from one to twelve samplesndex of climate-ocean dynamics in the North Pacific/Bering
per growth increment depending on the width of the growthSea (Benson and Trites, 2002; McFarlane et al., 2000).
increment. Removed material was analyzedsfoiC (8*3C  Annually-resolved ALPI data (Beamish et al. (1997);
= %o deviation of the ratio of stable carbon isotog@&:12C  http:/iwww.pac.dfo-mpo.gc.ca/science/species-especes/
relative to Vienna Peedee Belemnite Limestone Standar@limatology-ie/cori-irco/indices/alpi.txtwas also smoothed
(VPDB) ands*80 (5180 = %o deviation of the ratio of stable with a 7-year running mean. In order to create a robust
oxygen isotopes®0:180 relative to Vienna Peedee Belem- dataset for time series analysis, each of the original annually-
nite Limestone Standard (VPDB)). AM4-1 samples were in- resolved algab3C records were normalized by subtracting
troduced into a Thermo-Finnigan MAT253 gas source iso-the mean and dividing by the standard deviation. The result-
tope ratio mass spectrometer via a Finnigan Gas Bench in thiang records were then combined to form a dataset comprised
Geobiology Isotope Laboratory at the University of Toronto. of Attu 11-4 and AM-KR-80 from 1937 to 1967 and Attu
One standard deviation of the mean of duplicate measure11-4 and AM4-1 from 1968 to 2003. The line of best fit was
ments wast 0.16%. for $13C and £ 0.08%. for §180. At calculated using SigmaPlot and the resulting residuals were
least 10% of all samples were run in duplicate. BREC used to produce a detrend&tfC dataset. Wavelet analysis
ands180 values of AM-KR-80 and Attu 11-4 were analyzed (Torrence and Compo, 1998) using IDL Wavelet Toolkit
at Erlangen University, Germany according to Hetzinger et(available at: http:/paos.colorado.edu/research/wavejets/
al. (2009). was applied to the combined and detrended dataset to

determine the dominant modes of climate variability.

|1
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3 Results

+ Isotopic equilibrium at 5°C

AAM4-1,r2=0.39
predicted
A Average AM4-1 Isotopic

= AM-KR-80, r*= 0.03 Equilibrium

3.1 Growth increments and specimen chronologies 0

® Attu11-4, r? =0.01
© Average Attu 11-4

In Clathromorphumsp., seasonal decreases in temperature
and light during winter periods reduce the calcification rate
of the algae resulting in growth increment lines in the skele-
ton (Adey, 1965; Halfar et al., 2007; Hetzinger et al., 2009).

0 (%oupos)
e

A AM41 A

In addition, conceptacles, which are annually-formed repro- © N
ductive structures (Adey, 1965) were also present (Fig. 2). . avigaoe LN e s
Therefore, the clear growth increments visible here (Fig. 2) . - T et OF

were assumed to be annual. The width of the annual growth
increments varied from 140 to 680 um with an average of .. :
381 um for all three specimens. There was no ontogenic or *” P
overall trend in annual growth increment widths over time in
any of the specimens. Fig. 3. The 5180 values plotted against th#3C values for the
Seasonal variability in Mg/Ca ratios in all of the specimens skeleton of three specimens of coralline algae with regression lines.
ands180 values, as well as absolute dating by U/Th, in Attu Larger grey symbols represent the avera&#C (for 1992-1993)
11-4 confirmed the annual periodicity of the growth incre- and 6180 (for 1990, 1993, and 1995) for Attu11-4 and AM4-1.
ments (Halfar et al., 2007; Hetzinger et al., 2009). The out-Predicted isotopic equilibrium for inorganic calcite is plotted (grey
ermost growth increment in all of the specimens was formeddiamond) based on th#'*C ands'80 values for seawater from
during the summer of the specimen collection and did not1992-1993 and 1990, 1993, and 1995, VESp,eCt'Ye'y' and equations
represent a whole year of growth. In specimens AM4-1 andfrom Romanek et al. (1992) and Kim and O’Neil (1997), respec-

. . . . _tively. In order to account for the fact that coralline algae are
Attu 11-4, the year prior to collection was assigned to the f|rstHigh Mg-calcite, the equation {80 value incorporated the ad-

f_uII skeletal growth increment. In specimen AM-KR-80, the dition of 0.17% for each mol% Mg according to Jmez-lopez

first full year of growth was not sampled and 1967 was as-g; 5. (2004). The equation f@"-3C value incorporated the addi-
signed to the second full growth increment. Therefore, fromyion of 0.024%. for each mol % Mg according to Brez-lopez et
Amchitka Island, 35 years were sampled from 1968 to 2003al. (2006). The value of 9.9 mol % Mg used was the median value
in specimen AM4-1 and 31 years were sampled from 1937rom the range given in Hetzinger et al. (2009). Error bars indi-
to 1967 in AM-KR-80. From Attu Island, 116 years were cate one standard error around the average. Error bars not visible

sampled from 1887-2003 in specimen Attu 11-4. are smaller than symbol. Predicted equilibrium is not plotted for
AM-KR-80 as this sample was collected prior to the early 1990s.

3.2 §3C and 80 isotopes

Annually-averaged’3C ands!80 values ranged from3.0 13 _
to 2.9%0 and—2.3 to—1.3%o, respectively, for all specimens Ntérpolated dataj™C values in the longest dated record,
(Fig. 3). Thes3C ands!80 values positively correlated in Attu 11-4, increased from 0.6%. in 1887 to a maximum of

AM4-1 (r2=0.51, p < 0.0001), but did not correlate in Attu 2.0%o in 1916 before decreasing&2.0%. in 2003 (Fig. 4).
11-4 and AM-KR-80 (Fig. 3). Averags'3C values for Attu There was an overall trend toward posité#*C values in

. 3). 3 :
11-4 and AM4-1 were depleted relative to predicted isotopic”*M-KR-80 (1937-1967), although*C vaIL:es were h|9her
equilibrium by 3.9 and 3.6%, respectively, for the period of &t the start of the record than at the erd(2%. and—1.0%.,
1992 and 1993 (Fig. 3). Averagd®O values for the same respectively) (Fig. 4). AM-KR-80 was collected prior to the

specimens were depleted relative to predicted isotopic equiP€9inning of growth of AM4-1, so direct\gﬁmparisons be-
librium by 2.1 and 1.7%o, respectively, for the period of 1990, tWeen the two records are difficult, howeverC values at
1993, and 1995 (Fig. 3). Isotope values for AM-KR-80 were the end of the AM-KR-80 record in 1967 were 0.6%o lower

not compared to predicted isotopic equilibrium as this spechan at the start of the AM4-1 record in 1968 (Fig. 4). In

L. 13 13~ —
imen was collected prior to the early 1990s and before in-2ddition, thes=>C values for AM-KR-80 (averagé™C =

strumental measurements of seawater isotopes were obtaine‘oO'SI/g°) were significantly lower than for Attu 11-4 (aver-
close to the Aleutian Islands. ages—°C =1.0%o) from 1937-1967 (t-test, < 0.0001) while

813C values in AM4-1 were the same as Attu 11-4 (average
3.3 §13C records 813C = —0.2 for both) from 1968-2003. Th&C values

from the best-fit line were relatively constant from the 1940s
Thes13C values in AM4-1 and Attu 11-4 decreased from the to the 1960s and then decreased 2.5%o from the 1960s to 2000
1970s to 2003. Since AM-KR-80 did not similarly decrease, (Fig. 5). Decadal rates of decrease were 0.3%o. for the 1960s,
no ontogenetic trend id13C values was present with age. 0.5%. for the 1970s, 0.7%o. for the 1980s and 0.95%. for
Based on the smoothed 3-year running mean of the annuallthe 1990s (Fig. 5). Wavelet analysis of the detrended and

Biogeosciences, 8, 165%4, 2011 www.biogeosciences.net/8/165/2011/
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35 depletion in CQ. On the other hand, photosynthesis may
causel3C-enrichment in the same GQnicroenvironment
within the skeleton (i.e., photosynthesis remoV&8). The
algals13C values measured were depleted relative to equilib-
rium predictions. This result indicates that respiratory,CO
contributed a significant amount of the carbon in the skeleton
(Borowitzka, 1977).

25

05

-05

§1C (%ovpos)

4.2 §13C records

-25

Averages'®C values in AM-KR-80 were significantly lower
AR than in Attu 11-4. Although a specimen-specific effect can-
1880 1500 1920 w00 B not be ruled out, we hypothesized that the low&iC val-
ues more likely resulted from the lower light levels to which

Fig. 4. Annually-resolveds13C values for thre€€lathromorphum  the deeper AM-KR-80 (25m) plant was exposed to during
nereostratunspecimens collected offshore of the Aleutian Islands growth resulting in decreased photosynthesis relative to Attu
with 3-year running mean in bold. 11-4 and AM4-1 (10 m) plants. Light levels are known to

influence growth rates in coralline algae (Adey, 1970) and

presumably photosynthesis as well. Decreased photosynthe-
combineds13C dataset documents significant spectral powersis from lower light levels would have reduced discrimina-
at 4-7 years during the 1970s and~at6 years throughout tion agains3C during growth, resulting in decreas&tfC
the record (Fig. 6). values in the skeleton. Therefore, the collection depth of an
algal specimen (or more specifically, differences in ambient
light regimes) needs to be considered before compafit@g

4 Discussion values among different specimens. In addition, since light
levels may vary widely over very small spatial scales, for ex-
4.1 Carbon and oxygen isotopes ample as a result of local shading by macroalgae, averaging

of more than one sample is recommended to reduce any in-
C. nereostratunforms high-Mg calcite depleted in bosh3C  fluence of light ons'3C values.
ands*®0 relative to predicted isotopic equilibrium (Fig. 3).  The §3C values in marine calcium carbonate organ-
However, sincé'3C ands80 co-varied in only one speci- isms are driven by changes in t&Cpc, as well as any
men (AM4-1), and the range 20 values was small, we metabolic and kinetic effects that were present during growth
hypothesized that the correlation betwe#iC ands'80  (McConnaughey, 1989). We hypothesized that kinetic ef-
values in this specimen largely reflected anthropogenicallyfects were not a significant factor here (see Sect. 4.1), and
driven changes in the isotopes resulting from decreasingassuming that offsets resulting from metabolic effects were
813Cpc (813C-Suess effect; see below) and increasing tem-constant over time and/or were accounted for by averaging
perature/decreasing salinity (warmer/less saline; see Halfamultiple specimens, thett3C values largely refleé3Cpc.
et al. (2007)), rather than a kinetic effect common toQill  Thus, the skeletai'3C records can reconstruct the primary
nereostratum Depleteds*®0 values relative to predicted factors influencing oceanig!3Cpic: anthropogenics!3C-
equilibrium are consistent with previous studies. This offsetSuess effect (Andreasson and Schmitz, 1998), surface-ocean
is expected to be species-specific and constant over time, thysrimary production (Krantz et al., 1987), upwelling events
facilitating the use of coralline algal-derived oxygen isotope (Killingley and Berger, 1979), and water column stratifica-
archives for paleoceanographic reconstructions (e.g., Halfation (Arthur et al., 1983).
et al. (2000); Halfar et al. (2007); Halfar et al. (2008); Lee
and Carpenter (2001); Wefer and Berger (1991)). Similar to4.3 Long-term decrease irs13C values
8180, 813C values inC. nereostratumere also depleted rel-
ative to predicted isotopic equilibrium (Fig. 3). In addition, The decline ins13C values recorded by the coralline algal
the range id13C values from-3.0%. to 2.9%0 measured here specimens examined in this study clearly exceeds what can
compared well to previous studies that reported values rangbe attributed to thé3C-Suess effect alone (Fig. 5). The
ing from —3.6%o to 2.2%0 (Milliman, (1974); Rahimpour- §13C values in bowhead whale baleen and steller sea lions
Bonab (1997); Wefer and Berger (1991)). Metabolic pro- bone collagen (Schell, 2000, 2001; Hirons et al., 2001) also
cesses such as respiration and photosynthesis may&i@r declined at an enhanced rate; therefore, an algal-specific ef-
values resulting in observations that deviate from predic-fect or site-specific variability were unlikely to be the pri-
tions based on isotopic equilibrium (Swart, 1983). Respi-mary cause of the decline observed in our study. It would
ration in the calcifying microenvironment may cause- appear more likely that changes in #1€Cp,c pool to which
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7 rial that oxidized to release isotopically depleted GOGwart
et al., 2010). Our field site in the central Aleutian Islands is
exposed to the open ocean, and thus an alternative explana-
o] L tion is needed to explain the rate of decline measured here.
\‘\/\ The §13Cpc in the northern North Pacific Ocean and
| 175 Bering Sea regions is largely controlled by biological activity
and upwelling/deep-water mixing (Tanaka et al., 2003). De-
creases in primary productivity would increase the amount
of CO; in surface waters, thus reducing carbon fractionation
during the calcification process and leading to low&tC
values in the resulting skeleton. In fact, a decline in phyto-
plankton cell growth rates, and hence primary productivity,
Attu 114 & AMA-1 has been hypothesized to drive the declining trends in the
whale baleen and sea lion bone collagétC (Schell, 2000,
2001; Hirons et al., 2001). However, available evidence does
not support a decrease in new primary production (Hunt Jr
et al., 2002). In addition, there is no multi-year trend of de-
crease in growth-increment widths in the thf@enereostra-
tumspecimens over the past 50 years.
Lo An increase in upwelling and/or deepening of the mixed
layer would also change GQroncentrations in the surface
waters of northern North Pacific Ocean and Bering Sea (Pa-
tra et al., 2005), and thu$3Cpc values ands13C values
of the algal skeleton. Authors of previous studies have sug-
gested that upwelling and deep mixing may reduce the in-
fluence of the Suess effect in the subarctic Pacific as a con-
sequence of dilution by deep water that has not been influ-
enced by anthropogenic carbon emissions and the limited
TV m: amount of time for CQ equilibration to take place (Gruber
etal., 1999; Quay et al., 1992; Schell, 2001; Sonnerup et al.,
1999). However, C@concentrations increase adtfCp,c
Fig. 5. (A) Annual atmospheri¢13C values from Pt. Barrow, decreases with depth (9-9-’_K°°p”i°k el al. (1922§Cpic
Alaska (data from Keeling et al. (200Http://scrippsco2.ucsd.edu/ decrease by up to-2%. within the top 200m of the water
data/flaskco2 andisotopic/monthlyiso/monthlyptb.c13.csy, (B) ~ column in measurements from WOGEL3N, http://cdiac3.
the 813C values from the baleen of bowhead whales (data fromornl.gov/waves/discrefeand the ability of upwelling and/or
Schell et al. (2001)),(C) the §13C values from algal speci- mixing of deep water to drive surface watdfCp,c values
men AM-KR-80 and combined!3C values from specimens Attu  has previously been reported by Bacastow et al. (1996). In-
11-4 (1937-1967) and AM4-1 and Attu 11-4 (1968-2003) with creased C@ concentrations resulting from more upwelling
line of best fit calculated using SigmaPlot (Systat Softwgre Inc., and/or deepening of the mixed layer theoretically decreases
San Jose, CA), andD) ALPI values (data from Beamish et g5 qtionation during calcification resulting in lowgt3C val-

al. (1997);http://www.pac.dfo-mpo.gc.ca/science/species-especes(] -
; : e ) es of the skeleton. In addition, the deeper water brought up
climatology-ie/cori-irco/indices/alpi.txt Whale, algal and ALPI o the surface will have IOVB13CD|C values due to the rem-

datasets were smoothed with a 7-year running mean. Algal an o . . o
whales13C values decreased at a rate exceeding that expected ddgerallzatlon of organic matter with depth, thus contributing

solely to thes3C-Suess effect and likely reflects the combined in- 10 decreased**Cpic in surface waters. The mixed layer
fluence of thes13C-Suess effect and an intensifying ALPI. Note depth in the subarctic North Pacific has shoaled in recent
that the y-axis for the ALPI is reversed. decades, which has been attributed to warming and fresh-
ening that in turn has produced enhanced stratification of the
surface waters (Freeland et al., 1997); therefore, upwelling is
both coralline algae and phytoplankton were exposed (thdikely the driving factor of the enhanced rate of decline in the
latter subsequently transmitted via the food web to whaless3C proxy records. Changes in the Aleutian Low pressure
and sea lions) drove the strongly decreasiti values. De-  system could explain the increase in upwelling. When the
creases in skeletal3C values greater than that observed in low pressure system was intense, oceanic upwelling under
atmospheric C@ have also been found in corals from re- the centre of the Aleutian Low was increased (Reid, 1962;
stricted environments, and in these cases, the increased ratdiomson, 1981), bringing higher concentrations ob@@h
of decline was attributed to enhanced input of organic matedow §13C values to the surface. This upwelled £@as
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moved to the edges of the Alaska gyre via horizontal di- a.Data

vergence (similar to other nutrients and biomass; Brodeur_ 18 o

and Ware, 1992; Reid, 1962) and was incorporated into thes g3 AN /VV
o o
-1.5

Alaskan Stream. Once incorporated into the Alaskan Streamg

the CQ-rich water flowed southwestward along the conti- Morlet 6.00
nental slope of the Alaska Peninsula and entered the Bering 1940 1950 1960 1970 1980 1990 2000 oo O

Sea through the Aleutian Island Archipelago. By this mech- B, Wi FomarSpaant = . Global Wavelet
anism, CQ-rich water was transported to the environment in & . YW S :
which the algal specimens grew. In contrast, when the Aleu-
tian Low weakened, oceanic upwelling was reduced and wa-
ter with less CQ and lowers13C values was brought to the
surface. The ALPI, which is a measure of the intensity of
the Aleutian Low (Beamish et al., 1997), indicates that the

Period (Year)

1940 1950 1960 1970 1980 1990 2000 0.1 1 10

Aleutian Low has generally been increasing in strength since . . o
) e ) . ime (Year) Variance (units)
f[he late-1940s (Flg_. 5). In aqldltlon, the Iar_ge scale variability 000 047 04 1o 78
in the ALPI was mlrrored Wlth an apprOXImately three_year Power (units)? http://paos.colorado.edu/research/wavelets/

lag in the algab3C records from 1937 to 1989, which corre- .
sponded to the 1989 regime shift evident in the ALPI and inFig 6. The wavelet power spectrum far°C values from de-

biological records (Beamish et al., 1999; Hare and Mantuatrended and combined dataset from 1937 to 2003. The contour
2000). The lag likely represents tf.lle inter,val of time betWeen1evels are chosen so that 75%, 50%, 25%, and 5% of the wavelet
: 9 yrep power is above each level, respectively. The cross-hatched region

the Change in the pressure system, increase or decregse ilthe cone of influence, where zero padding has reduced the vari-
upwelling, and transport of the water to the central Aleutian jnce  Bjack contour is the 10% significance level, using a white-
Islands where the'>C ultimately was taken up by the algae. noise (autoregressive lagl) background spectrum. Analyses made
The cause of the decoupling between the Aleutian Low and;sing IDL Wavelet Toolkit (Torrence and Compo (1998); available
the algab'C records after the 1989 regime shift is unknown. at: http://paos.colorado.edu/research/wavelets/

There is large spatial and temporal variability in upwelling
and ocean currents, and consequently, @Oncentrations,
throughout the subarctic North Pacific (Stabeno et al., 2004¢onditions increased upwelling, bringing more £6ch wa-
Murphy et al., 2001). Therefore, the location of a specific ter with low §13C values into the surface waters. In con-
§13Cp,c record relative to upwelling and/or currents trans- trast, a weakened Aleutian Low corresponded to cold events
porting the upwelled water explains the large variability in in the tropics (Emery and Hamilton, 1985). This supports
813C instrumental and/or proxy records. The variable ratea link between the tropical Pacific ENSO, and the subarc-
of decline recorded by the different instrumental and proxytic Aleutian Low and algab3C records drove the 4-7 year
records likely reflects local changes dh3Cp\c instead of  variability. The significant spectral power on approximately
basin-wide changes. As a consequence, extrapolation of #6-year timescales (Fig. 6) was generally consistent with the
single record from one location to the entire basin providesbidecadal (15-25 year) variations in the North Pacific Index
an incomplete picture of carbon dynamics in the northern(NPI) (Minobe, 1999). The NPI is another time series index
North Pacific Ocean and Bering Sea. Additional records argepresenting the Aleutian Low, and is inversely correlated to
urgently needed to further understand changes occurring anthe ALPI. Thus similar patterns between the NPI and the al-
to calculate the role of subarctic oceans in taking up anthrogal 813C values was expected. These relationships support

pogenic CQ. the influence of shifts in climate regimes (i.e., ENSO, PDO)
on the surface watet*3Cpc values, in addition to the an-
4.4 Detrendeds!3C variability thropogenias13C-Suess effect.

The significant spectral power on interannual timescales (4—

7 years; Fig. 6) in the detrended and combia&tC record 5 Summary

corresponds to fluctuations of the Elfidi Southern Oscil-

lation (ENSO). Niebauer (1988) and Emery and Hamilton The §13C values from coralline algae clearly demonstrated
(1985) suggested an atmospheric link between the tropicah decrease iB13C values over the past 30 years exceed-
ENSO events and the northern Pacific/Bering Sea related ting that resulting solely to the anthropogerit3C-Suess
the winter position of the Aleutian Low such that it is in- effect. The enhanced rate of decline was consistent with
tense and shifts eastward during EIfliconditions, driv-  records from some marine mammals. This indicates that the
ing warm, moist air northward along the northeast Pacifics13Cp,c which was taken up by primary producers, i.e., phy-
coast towards Alaska and into the Bering Sea. The increastoplankton at the bottom of the marine food web and benthic
in intensity of the Aleutian Low associated with El i coralline algae, was the cause of the enhanced rate of decline.
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