Int J Earth Sci (Geol Rundsch)
DOI 10.1007/s00531-006-0109-3

ORIGINAL PAPER

ENSO-coupled precipitation records (1959-2004) based on shells
of freshwater bivalve mollusks (Margaritifera falcata)

from British Columbia

Bernd R. Schone - Nicholas A. Page -
David L. Rodland - Jens Fiebig - Sven Baier -
Samuli O. Helama + Wolfgang Oschmann

Received: 8 March 2006/ Accepted: 31 May 2006
© Springer-Verlag 2006

Abstract We present the results of sclerochronologi-
cally calibrated growth and stable isotope analyses of
the freshwater bivalve Margaritifera falcata collected
from an agricultural, suburban setting near Vancouver,
BC. The oxygen isotope range of shell aragonite can be
explained by the temperature range during the growing
season, assuming the water §'*0 composition remained
constant. However, shell growth is strongly influenced
by local summer precipitation and potentially runoff of
nutrient-rich stormwater. About 44% of the variability
of annual shell growth can be explained by amounts of
local summer (June-September) rainfall. Local winter
precipitation and El Nifo-Southern Oscillation
(ENSO) strength during the preceding year exert a
weak, but significant control on shell growth. In com-
bination, summer and winter precipitation can explain
up to 50% of the variability in annual shell growth.
Spectral analyses substantiate the effect of precipita-
tion on shell growth and demonstrate that shell growth
and ENSO are coupled by precipitation. Common
spectral density was found at periods of 6.5-9 years,
particularly between 1985 and 2004. Higher frequency
oscillation corresponding to periods of 3-5 years
occurred during the early 1970s, early to mid 1980s,
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and later 1990s. These results suggest that skeletal
records of bivalve mollusks provide suitable archives of
ENSO-coupled precipitation in areas where other
climate proxies such as tree-rings and speleothems may
not be available.
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Introduction

Strong inter-annual and decadal-scale variations of
precipitation can affect ecosystems and human socie-
ties. This is particularly true for rapidly growing popu-
lations in urban areas and agricultural landscapes such
as the Lower Fraser Valley (LFV) region. Precipitation
variability influences river discharge and the chemical
composition of surface and groundwater. Increased
precipitation can trigger unexpected floods that threa-
ten housing, cause soil and stream channel erosion, and
damage drainage infrastructure. Increased precipita-
tion may also increase the transfer of contaminants
from agricultural fields, urban areas, and industrial sites
to sensitive aquatic ecosystems. In contrast, reduced
precipitation may result in shortages of drinking water,
reduce water available for irrigation, and affect fish
populations through reduced stream flow.

It is well known that precipitation patterns
across Canada and the contiguous United States are
coupled to climate oscillations such as the Pacific
Decadal Oscillation (PDO; 25-40-year cycles) and the
El Nifio—Southern Oscillation (ENSO; 2-7-year cycles)
(Ropelewski and Halpert 1986, 1987, 1989; Groisman
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and Easterling 1993; Ting and Wang 1997; Hsieh and
Tang 2001; Jakob et al. 2003). Such large-scale analy-
ses, however, cannot provide quantitative estimates of
how the amount and timing of precipitation has chan-
ged at more regional scales over time. Knowledge of
past variations of regional climate may be useful to
predict the range, frequency, and intensity of future
changes and estimate the effect of anthropogenic
forcing of the regional hydrology. Such data may help
decision makers in managing fish populations, drainage
systems, water supply, and land use in sensitive
watersheds, as well as understanding the broader
physical processes that affect freshwater ecosystems.

In the LFV region of southwestern British Columbia,
considerable effort has been spent on trying to
describe, model, and understand the effects of urban
and agricultural development on freshwater ecosys-
tems (Wernick et al. 1998; Berka et al. 2001; Fluegel
et al. 2004; Hall and Schreier 1996). However, limited
resources for long-term monitoring have restricted the
understanding of how freshwater ecosystems respond
to longer-term climate variability. The lack of research
on natural variability may have led to undue to undue
emphasis on the role of anthropogenic development as
the driver of change in streams and rivers in the region.
This viewpoint underlies approaches to assessing and
monitoring discharge, water quality, and biota in the
region.

Commonly used long-term, high-resolution proxy
records for precipitation such as tree-rings (Stockton
and Jacoby 1978; Meko et al. 1995; Gedalof et al. 2004)
are not available for this largely deforested region.
Here we present a new proxy record for summer pre-
cipitation in the Pacific Northwest which is coupled to
superordinate climate forces (ENSO/PDO). Our new
proxy is based on shells of the western pearlshell
mussel, Margaritifera falcata (Gould), capable of
extending observational records back in time.

Sample locality

Coghlan Creek is located in the Township of Langley
in the LFV, British Columbia, Canada (Fig. 1). It is a
tributary of the Salmon River which flows to the Fraser
River near Fort Langley, BC. The Coghlan Creek
watershed is approximately 13.8 km® with a total
stream channel length of 19.5 km. Average flow-rate
per second is 0.45 m*/s (Rood and Hamilton 1995).
The stream channel is low-gradient (<2% slope) with
sand and fine gravel substrate and extensive floodplain
features such as flood benches and swamps. Fisheries
values are high and Coghlan Creek supports healthy
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populations of coho salmon, chum salmon, and
cutthroat trout, as well as a variety of non-salmonid
fishes (Fraser River Action Plan 1999; Giannico 2000).

Land cover in the LFV is dominated by agricultural
and urban land uses (Boyle et al. 1997). Today, the
LFV is Canada’s third largest urban region and is home
to about two million people. Approximately 52% of
the Coghlan Creek watershed is used for agriculture
while only 38% remains forested (GVS&DD 1999).
The amount of impervious land cover, an indicator of
urbanization, is 5%. The headwaters of Coghlan Creek
are bisected by the Trans Canada Highway.

Water chemistry in Coghlan Creek is influenced by
the intensity of urban and agricultural land use.
Nitrate-N concentrations have been recorded as high
as 7.1 mg/L during the summer when groundwater
contributes a large portion of the stream flow (Wernick
et al. 1998). Wernick et al. (1998) further suggested
that these elevated nitrate-N concentrations in
streamwater were caused by contamination of the
shallow aquifer by septic systems and agricultural
waste. Water temperature ranges from 12 to 17°C
between June and September and from 3 and 8°C
between November and March. During summer, the
area receives only limited amounts of rain (Oke and
Hay 1998) and agricultural crops require irrigation.
Over 50% of this water is drawn from the Fraser River
and its tributaries.

Materials and methods

Sixteen living and five dead specimens of M. falcata were
collected between 22 September 2003 and 10 April 2005
from two adjacent localities from Coghlan Creek
(NP1-... and NP2-..—49.121°N, 122.527°W; NP3-..,
NP4-..., and NP5-.—49.127°N, 122.543°W; Fig. 1;
Table 1). After removal of the soft parts from the life-
collected material, all specimens were cleaned in
de-ionized water and 99.5% EtOH and allowed to air-
dry. Specimens were mounted on plexiglass cubes, and a
protective layer of JB KWIK, a metal epoxy, was applied
to the shell surfaces. We cut two ca. 2-3-mm thick cross-
sections from each shell along the axis of minimum
growth (Fig. 2a, b). All slabs were mounted on glass
slides with the “mirroring” sides facing up and ground
(800 and 1,200 grit SiC powder) on glass plates and
polished (1 um Al,O5; powder) on a Buehler G-cloth.

Correlation of growth and environmental records

Large-scale precipitation and temperature effects on the
Coghlan Creek discharge were estimated from spatial
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Fig. 1 Map showing sampling locality at Coghlan Creek (cross) in the LFV region. Map template taken from NASA WorldWind
(http://www.worldwind.arc.nasa.gov/)

correlation (temperature and precipitation vs. shell ~HadCRUT2 temperature anomalies (Rayner et al.
growth, respectively) diagrams for each month using  2003) and Global Precipitation Climatology Centre
the KMNI Explorer (http://www.climexp.knmi.nl) and  (GPCC) precipitation data VASClimO (Variability
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Table 1 List Of.speq mens of Specimen ID  Purpose # 6%0 Ontogenetic  # measurable Date of Year of
M. falcata used in this study .
A samples  age (yr) annual collection death
and purpose of use. “A” and SGI  §%0 :
. . increments
“D” following dash in column
“Specimen ID” stand for NPI-AIR X 29 25 27 Sep 2004 2004
alive or dead collected, NP1-A2R % 31 75
respectively NP1-A3L X 29 24
NP1-A5L X X 25 22 17
NP1-A6R X 16 11
NP2-A1L X 33 29 22 Sep 2003 2003
NP2-A2L X 22 18
NP2-A3L X 21 16
NP2-A4L X 16 13
NP2-A5L X 16 13
NP2-A6L X 31 10
NP4-Al1L X X 59 39 33 10 Apr 2005 2005
NP4-A2L X 31 25
NP4-A4L X 29 22
NP4-ASL X 36 30
NP4-A6L X 52 46
NP5-D1L X 28 25 2003
NP5-D2L X 10 7 2000
NP3-D1R X 34 31 1992
NP3-D2R X 28 21 2000
NP3-D4R X 28 21 1983

Analysis of Surface Climate Observations; joint pro-
ject between the German Weather Service and the
University of Frankfurt, Institute for Atmosphere
and Environment, Climatology Department; http:/
www.dwd.de). Furthermore, shell growth was com-
pared to the NINO1.2 (0-10°S, 80-90°W) and NINO3
(5°N-5°S,90-150°W) indices (http://www.cdc.noaa.gov/
Climatelndices). For establishing a growth-precipita-
tion model, multiple linear regression analyses were
conducted for annual shell growth and monthly precip-
itation rates close to the sample locality (data obtained
from the NOAA Climate Diagnostics Center, http://
www.cdc.noaa.gov).

Sclerochronology

To resolve shell-internal microgrowth patterns, one
polished cross-section from each specimen was
immersed in Mutvei’s solution for 23 min at 37-40°C
with constant stirring. Mutvei’s solution (Schone et al.
2005) consists of 0.5% acetic acid, 12.5% glutaralde-
hyde and ca. 10 g of alcian blue per liter solution.
This agent simultaneously etches the carbonate, pre-
serves the organic framework and stains mucopoly-
saccharides, thereby increasing the visibility of the
microgrowth structures. Immediately after immersion,
the samples were carefully rinsed in de-ionized water
and air-dried.

Etched sections were viewed under a reflected light
binocular microscope at magnifications of 20-75x and
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digitized with a Nikon Coolpix 995 camera (Fig. 2c, d).
The custom-designed image analysis software Panopea®
was used for measuring the widths of annual increments
(m,) in the outer shell layer.

In order to isolate environmental signals from
increment width time-series, ontogenetic trends must
be removed (Cook and Kairiukstis 1990). As the
mussel grows older, the rate of shell accretion de-
creases. Age-related trends were estimated with stiff
cubic splines (p,) that retained all high-frequency
oscillations and most of the low-frequency, i.e., quasi-
decadal oscillations. Age-trends were eliminated from
the increment time-series by dividing measured by
predicted growth:

my

Gl =
Dt

(1)

Standardization transformed the stationary growth
index (GI) values into standardized growth indices
(SGI; Jones et al. 1989):

SGI :M7
0GlI

(2)

where X is the average and ¢ the standard deviation of
all GI values of a time-series. SGI values are dimen-
sionless measures of shell growth and enable direct
comparison of shell growth of different specimens or of
different ontogenetic stages of growth within one.
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Fig. 2 For analysis of internal growth structures, shells of M.
falcata were cut along the axis of minimum growth and
perpendicular to the growth lines (a). A 2-mm thick slab was
mounted on a glass slide, ground, polished, and immersed in
Mutvei’s solution (b). This treatment revealed annual growth
structures consisting of annual growth increments separated by
distinct growth lines (¢, d). Note that microgrowth increments

Individual SGI time-series were combined in a
single master chronology by calculating the arithmetic
mean of the SGI values at each year. As a measure of
the robustness of the master chronology, we computed
the expressed population signal (EPS; Wigley et al.
1984; Briffa and Jones 1990):

nRyy

EPS =
S nRay + (1 — Ryy)’

(3)

where n is the number of specimens and R, the inter-
series correlation (average of all correlation coeffi-
cients). The EPS value quantifies the similarity between
the averaged chronology and the theoretical infinitely
replicated chronology for the appropriate inter-series
correlation (Wigley et al. 1984; Briffa and Jones 1990).
EPS values greater than 0.85 are considered statistically
significant (Wigley et al. 1984; Cook et al. 2000).

Spectral analyses

For spectral analyses, linear growth trends were
removed from both the master chronology and

are broader in light-colored shell portions half-way through
annual increments than in dark shell portions near annual growth
lines. ¢ At the ventral margin of specimen NP2-A7R, collected
alive on 22 September 2003, an annual growth line is about to
form. d A new annual increment has already started to form in
specimen NP4-A4L, which was live-collected on 10 April 2005.
p prismatic, n nacreous shell layer, dog direction of growth

instrumental data, and continuous wavelet transforms
were computed (CWT; zero-padding to adjust for edge
effects, Morlet wavelet, wavenumber: 8). CWTs reveal
inherent frequencies of time-series data and determine
their strength and evolution through time.

Stable isotope geochemistry

The remaining cross-sectioned slabs were used for
stable oxygen and carbon isotope analyses. Prior to
sampling, epoxy resin, periostracum and secondary
shell layers were mechanically removed. Following the
shape of the microgrowth increments, aragonite
powder was milled from the outer shell layer of the
bivalves. For this purpose we used a cylindrical
diamond-coated drill bit (1 mm diameter). A total of
115 individual millings were completed (Fig. 3). Each
milling step perpendicular to the direction of growth
measured approximately 100 um and yielded about
60 pg of carbonate powder, and corresponded to a
temporal resolution of about 10-18 days per sample.
Samples were processed in a Finnigan MAT 253
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continuous-flow mass spectrometer equipped with a
Gas Bench II. Shell isotope values are reported relative
to VPDB based on a NBS-19 value of —2.20%, for '%0
and 1.95%, for 6'C. On average, replicated precision
(multiple measurements of the NBS standard) was
better than 0.07%, (1SD) for 6'®0O and better than
0.05%, (1SD) for 6">C.

Oxygen isotope ratios of calcium carbonate can
be used to reconstruct water temperatures (Tsisq)-

Fig. 3 Shell oxygen isotopes 161
between successive major

growth lines (vertical bars) 14
reveal annual temperature
cycles. Temperature
reconstructions are based on
the paleothermometry
equation of Grossman and Ku
(1986) assuming ¥ 0yacer
values of -11.08 = 0.36%, 6 -
(mean + 1SD; adapted from

Wassenaar 1995). Error in 4
temperature reconstructions

>

124

101

Ti1a0(°C)

We used the paleothermometry equation of Grossman
and Ku (1986). A small modification of their equation
was required because they report water values in
VSMOW—0.2%, (Goodwin et al. 2001). The corrected
function is as follows:

T 5150 aragonite) ("C) = 20.60 — 4.34 x (6" Oaragonite
— (8™ Oyater — 0.20)).

(1SD) is thus 1.6°C. Note that 2 -
water temperatures
reconstructed from shell
oxygen isotopes of specimens
NP2-A6L (a) and NP4-A1L
(b) are close to ambient water
temperatures that prevail
during the growing season
(3.8-12.37 and 6-15°C,
respectively). However, the
actual temperature range
during the growing season
was underestimated by
specimen NP1-AS5L (¢; 3.1°C)
suggesting large seasonal
fluctuations of the 6"¥Oyaqter
values. Numbers separated by
semicolon stand for year AD

oe}

Ty100(°C)

10 15 20 25 30
Sample number

and ontogenetic age

(@)

Ty10(°C)

Sample number
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Results

Etched cross-sections of M. falcata shells exhibit an
alternating pattern of distinct annual (Chamberlain
1931; Bauer 1992; Metcalfe-Smith and Green 1992;
Johnson and Brown 1998) growth increments and
growth lines (Fig. 2c, d). Broadest annual increments
measured 4 mm (NP2-A2L; age 4) and narrowest
15 pum (NP4-A3L; age 39). In the direction of growth,
the light-colored (prismatic) to light-blue (nacreous
shell layer) treated growth increments become
successively darker brown toward the following incre-
ment. A sharp line separates two adjacent annual
increments. At higher magnification (75x), microme-
ter-scale increments and lines (microgrowth patterns)
can be discerned within the annual growth increments
(Fig. 2c, d). Narrowest microgrowth increments
(<1 pm) were observed in the brown portions of the
annual increments. In specimens collected during late
September, the brown zone was present near the
ventral margin (most recently formed shell portion),
but a distinct annual growth line had not yet formed
(Fig. 2c). Specimens from early April, however,
showed a distinct growth line near the commissure and
about one-tenth of a new annual increment (Fig. 2d).

Based on increment counts in the prismatic and
nacreous layers, we determined the ontogenetic age
of the shells. The oldest specimen was at least 46
years old, the youngest had attained age 7 (Table 1).
Corrosion of umbonal shell portions precluded an
exact age determination in shells older than 10-15
years.

Oxygen isotope measurements

Shell 6'®0 profiles determined between successive
growth lines revealed clear annual cycles. Most posi-
tive values of -7.4 to -8.679,, were found near the
growth lines, while most negative values occurred
approximately half-way between two annual growth
lines (-9.38 to -9.97%,; Fig. 3). Minimum and maxi-
mum intra-annual 5180aragonite ranges were 0.71%
(Fig. 3c—specimen NP1-ASL, year 1999, age 17) and
2.03%, (Fig. 3b—specimen NP4-AlL, year 1987, age
21), respectively.

Ensembles of growth increment time-series

Age-detrended and standardized growth increment
time-series of live-collected specimens compared well
to each other, exhibiting a high running similarity
(Fig. 4a). The good visual agreement between the
individual SGI time-series was substantiated by an

EPS value of 0.87. We combined the SGI curves of 15
specimens (Table 1) collected alive into a single
master chronology that covers the time interval of
1959-2004 (Fig. 4b). Ninety-five percent confidence
intervals of the master chronology (Fig. 4c) are
narrower for more recent times, i.e., for larger sample
sizes (Fig. 4d).

Aside from the typical corrosion near the umbo of
ontogenetically older shells, dead collected shells were
perfectly preserved. Their commissural lines were
intact, with their valves still articulated at the hinge,
the periostracum present and the degree of corrosion
similar to living shells. It was possible to integrate the
SGI curves of the dead collected shells into the master
chronology by visual cross-dating. As a result, the EPS
value improved slightly to 0.88. According to cross-
dating, the dead collected shells died within the last 22
years (Table 1).

Master chronologies, temperature, precipitation,
and El Nifio

Spatial correlation charts indicate a good agreement
between shell growth and precipitation during June
through August, but only a weak to non-existent
correlation between shell growth and temperature
(predictor variables; Fig. 5a, b). A weak positive
correlation (R < 0.3) was found between shell growth
and November and December of the previous year,
and a weak negative (R < -0.4) correlation between
growth and June of the current year (Fig. 5a). For
precipitation and shell growth, R values range between
0.4 and 0.6 (Fig. 5b). A weak correlation (R values of
0.2-0.3) also exists between the master chronology and
precipitation during January (Fig. 5b). Interestingly,
highest correlation coefficients were found between
shell growth and precipitation in the mountains south
and northeast of the LFV (Fig. 5b).

Multiple linear regression models were computed
(stepwise forward modeling) to further evaluate the
effect of variable precipitation rates on shell growth.
Within SGI values of +1.5SD and -1.5SD (this ex-
cludes the strong El Nifio year of 1997/1998) between
44 and 50% of the variation in annual shell growth
can be explained by precipitation close to the sample
locality (Fig. 5b). In the first model (Eq. 4), precipi-
tation during summer and winter (January, June
through September; JIJAS; R = 0.71, R* = 0.50) was
included:

SGI = 0.004 X Pyap + 0.015 X Pryp +0.003 x Py
+0.011 X Payg 4 0.004 X Psep — 1.087. (4)
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Fig. 4 Annual increment A 3.
width time-series of M.

falcata. SD indicates standard 5]
deviation units.

a Standardized annual growth 1.

increment (SGI) time-series

of all 20 specimens. Note high
degree of running similarity

between the individual 14
chronologies. b Master
chronology constructed from 2]
the 20 specimens shown in (a)
(black line arithmetic mean, -3 .

SGI (SD)
o
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| L

i

gray lines 95% confidence
intervals). The SGI master

chronology stretches over the
period of AD 1959-2004.

¢ Sample sizes—number of
specimens used per year.

d Time span covered by the
specimens. Each line stands
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Based on the coefficients for precipitation of each
month given (Eq. 4), a new time-series for winter and
summer precipitation (Pyjyas) Was computed:

Pjjas = 13.65 x SGI + 29.06. (5)
Equation 5 (R = 0.71, R*> = 0.50,p < 0.0001; Fig. 6a,b)

can be used to reconstruct average precipitation during
January plus June through August. Precipitation during
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January alone explains 11% (R =0.33, R*=0.11,
p < 0.04).

In a second multiple linear regression model
(Eq. 6), we only included precipitation rates
during the warm season (June through September,
JJAS; within SGI limits of —1.5SD and 1.5SD). Shell
growth and precipitation rates of June through
September were positively correlated (R = 0.66,
R? = 0.44).
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Fig. 5 a Monthly spatial
correlation charts between
shell growth and gridded
temperature (HadCRUT?2
temperature anomalies) from
November of the previous
year (+-1) to October of the
current year (¢). Shell growth
and temperature exhibit very
little to no correlation.

b Monthly spatial correlation
charts between shell growth
and gridded precipitation
from November of the
previous year to October of
the current year (VASClimO,
19512000 GPCC analysis).
Shell growth is strongly
positively correlated with
summer precipitation and
weakly with winter
precipitation. Diagrams were
created with the KMNI
explorer (http://
www.climexp.knmi.nl).
Lightest gray coverage of
meteorological data, gray
map contours with

numbers = R values
(correlation coefficients).
Note that each contour color
comprises an R value range of
0.1 starting with the lowest R
value, e.g., 0.2 stands for
0.2-0.29 and “-0.3” stands for
-0.3 to -0.39

SGI = 0.016 x Pyy, + 0.004 x Pyy
+0.011 X Payg + 0.005 x Psep — 0.952.
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Based on the coefficients for precipitation of each
month given (Eq. 6), a new time-series for summer
precipitation (Pjyas) was computed:
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Fig. 5 continued % T 54°N
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Pias = 12.25 x SGI + 25.81. (7) (mm per month) from annual increment widths of M.
falcata.
Equation 7 (R = 0.66, R* = 0.44,p < 0.0001; Fig. 6c, d) Shell growth also co-varied significantly (95% con-

can be used to reconstruct summer precipitation rates  fidence level) with the NINO1.2 and NINO3 indices of
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Fig. 6 Relative annual shell
growth (SGI) and
precipitation. a Relative
annual shell growth compares
well to precipitation during
January plus June through
September (Pyjzas)- b The
linear model can be used to
reconstruct mean Pjyjas from
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the preceding year. Highest explained variability was
found for SGI values and the NINO1.2 index of August
of the previous year (NINO1.2u41y—R = 0.40,
R*=0.16, p = 0.01). A correlation matrix is given in
Table 2.

Spectral analysis

Continuous wavelet transformations of the SGI,
PJJJAS, PJJAS, and NINOl.ZAug(,_l) index time-series
compared well to each other (Fig. 7). Coherent spec-
tral power was found at frequencies corresponding to
periods 6.5 and 9 years, most prominently between
1985 and 2004. Weaker common spectral power was
also present at periods of about 3-5 years during the
early 1970s and late 1990s. Precipitation records,

SGI (SD)

however, did not reveal spectral power at these higher
frequencies after the mid 1980s (Fig. 7b, c).

Discussion

As in a variety of other margaritiferid species (Bauer
1992; Schone et al. 2004), major growth lines and
increments of M. falcata from Coghlan Creek form on
an annual basis. Based on collections at different
seasons of the year, the growing period can be
narrowed down to March/April through October. A
similar growth period has been observed in M. falcata
in two populations approximately 200 km to the south
(Toy 1998). During these months, air temperature
usually exceeds 5°C, which is approximately the lower

Table 2 Correlation matrix

of shell growth vs. NINO1.2 Month SGI-NINO1.2 (n = 46) SGI-NINO3 (n = 46)

and NINO3 index, R R? p R R? p

respectively
May, 4 0.33 0.11 0.03 0.29 0.08 0.05
Jun, 0.33 0.11 0.03 0.27 0.07 0.07
Jul, 0.35 0.12 0.02 0.30 0.09 0.04
Aug, 0.40 0.16 0.01 0.31 0.10 0.04
Sep,1 0.37 0.14 0.01 0.30 0.09 0.04
Oct, 4 0.35 0.13 0.02 0.30 0.09 0.04
Nov, 4 0.32 0.11 0.03 0.29 0.08 0.05

Lo . Dec, 4 0.26 0.07 0.01 0.26 0.07 0.08
t-1 indicates previous year, Jan, _ ¢ 0.27 0.07 0.07 0.31 0.10 0.04

t = 0 is current year
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Continuous wavelet transform

Global wavelet

1960 1970 1980 1990 2000 Time (yr AD)
A 1. | .
.§_ 4
> 8
% 16
32 ' N NS
e —f- t M Radasaaces
10° 102 041 1
0.00 0.018 0.10 0.25 0.84 Variance (50)2
Power (SD)?
10 102 10°
Variance (mm/JJJAS)?
10 102 10°
000 27 49, 87. 23x Variance (mm/JJAS)?

Fig. 7 Continuous wavelet spectra and global wavelets (ION
script at http://www.ion.researchsystems.com; after Torrence and
Compo 1998) of age-detrended SGI curves (a), precipitation
during January plus June through September (Pjjyas; b),
precipitation during summer (Pyjas; €) and NINO1.24y4¢-1)
index (d). Wavelet transforms reveal distinct common spectral
power at approximately 6.5-9 years, particularly during the time

growth temperature threshold for Margaritifera mar-
garitifera (Dunca and Mutvei 2001). It seems likely that
the timing of the growing period is controlled by sim-
ilar shutdown temperatures in different species of the
genus Margaritifera.

@ Springer

0.1 1 10
Variance (SD)?

3.2

interval 1985-2004. During the early 1970s, early to mid 1980s,
and late 1990s, weaker spectral density was observed at periods
of about 3-5 years in almost all records. The contour levels are
chosen so that 75, 50, 25, and 5% of the wavelet power is above
each level, respectively. The cross-hatched region refers to the
cone of influence, where zero padding has reduced the variance

Effect of temperature and precipitation on shell
growth

The high running similarity between individual SGI
time-series and EPS values in excess of 0.85 (threshold
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value defined by Cook et al. 2000) suggest that shell
growth of all specimens from Coghlan Creek was
governed by similar, external forcings. Numerous studies
on bivalve mollusks have identified temperature,
pollutants, and food as major controls of shell growth
(Ansell 1968; Kennish et al. 1994; Goodwin et al. 2001;
Schone et al. 2003; Dunca et al. 2005). In unpolluted
streams with constant nutrient supply throughout the
growing season, temperature exerts the dominant influ-
ence on shell growth of freshwater bivalves. This was
observed for pristine, densely forested regions in Sweden
where runoff of nutrients from soils into the river is
limited (Schone et al. 2004; Dunca et al. 2005).

In streams with anthropogenically altered water
chemistry and quality, however, temperature often
plays a subordinate role in controlling shell growth (see
Fig. 5a). Increased acidity or sublethal concentrations
of metals, polycyclic aromatic hydrocarbons, and chlo-
rophenolics can impair biotic growth (McLeay 1987;
Culp and Lowell 1999) and result in strongly diminished
growth rates of freshwater bivalves (Dunca et al. 2005).
In fact, freshwater bivalves are considered as ideal
bioindicators of aquatic health because of their
responsiveness to environmental disturbance (Mutvei
and Westermark 2001). However, not all contaminants
are deleterious to the riverine biota (McLeay 1987).
High levels of phosphorus and nitrogen promote algal
growth (eutrophication) and general productivity in the
river (McLeay 1987; Hansson 1987; Feder and Pearson
1988; Hall et al. 1991). An extreme increase in annual
shell growth was observed in M. margaritifera in years
subsequent to an extended eutrophication of the
Kvarnbiacken River in central Sweden (Dunca et al.
2005).

Here, we found a strong positive correlation
between shell growth and summer precipitation
(R* = 0.44). We interpret this finding as the result of
increased food concentrations in the streamflow,
primarily caused by surface water runoff of organic
particles and nutrients from the surrounding fields
during increased precipitation. Similar observations
were recently made for margaritiferid and unionid
bivalves from uncontaminated rivers in northern
Sweden. Concurrent with deforestation near the
Nuortejaurbicken River in the mid 1980s, shell growth
rates increased significantly as the result of increased
contents of organic particles in surface water runoff
(personal communication, E. Dunca 2006).

Shell growth appears to be influenced by increased
runoff of nutrient-rich water from agricultural and
urban lands, and the increased contribution of nitrate-
N contaminated groundwater flow to Coghlan Creek
during the summer months. Surface runoff picks up

organic particles from exposed soils and rapidly
conveys them to the stream channel through ditches
and stormwater pipes in developed portions of the
watershed. In addition to naturally occurring nutrients,
a broad array of trace metals and organic contaminants
including fertilizers, pesticides, and manure applied to
agricultural land are conveyed to the stream through
surface runoff or shallow groundwater. A number of
studies have measured the concentrations of pollutants
in streams and rivers of the LFV—a region renowned
for its extensive agricultural activity, high livestock
density, and increasing urbanization (Schreier et al.
1999; Wassenaar 1995; Hall and Anderson 1988;
Macdonald et al. 1997; Fluegel et al. 2004). The effect
of nutrient-rich runoff on shell growth is increased
because agricultural activity is most intensive during
the summer, which corresponds to the growing season
of freshwater mussels. At the same time, streamflows
are reduced and contaminants carried into the stream
are less dilute. While the diffuse nature of these non-
point sources of pollution makes them hard to quan-
tify, nitrate levels are significantly higher in Coghlan
Creek during summer than in winter (Wernick et al.
1998; Schreier et al. 1999). These results suggest that
the impact of increased nutrient flux on shell growth is
greater than the deleterious effects of trace metals and
other pollutants, at least in the catchment area studied
here.

ENSO and shell growth

A weak but significant positive correlation also exists
between shell growth and winter precipitation rates
(Pyan—R? = 0.11, p = 0.04) and sea surface tempera-
ture anomalies in the Pacific during the preceding
summer and fall akin to the ENSO (NINO1.24g(-1)
—R? =0.16, p = 0.01). This was further supported by
common spectral power in wavelet transform of these
time-series. The length of the time-series was not
sufficient to evaluate the role of longer period signals
such as the PDO. Since the pioneering studies by
Walker (1923), it is well known that global and
regional winter precipitation patterns are associated
with the Southern Oscillation, the atmospheric com-
ponent of ENSO. Shabbar et al. (1997) demonstrated
that precipitation rates of British Columbia are
significantly influenced by the Southern Oscillation
phenomenon. In this region, strong El Nifio events
(warm periods) are followed by dry winters, while
positive precipitation anomalies occur in years after La
Nina events (Edmonds et al. 2003). During El
Nifio events, the warming of the air over the eastern
tropical Pacific energizes the polar jet stream. As a
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consequence, a strong low-pressure system develops
over the Aleutians, pumping abnormally warm, dry air
into western Canada, Alaska and the northern United
States (Molnar and Cane 2002). The link between shell
growth and ENSO is also reflected in common spectral
power, particularly, at periods of 2-7 years, i.e., the
typical ENSO-type oscillations (Trenberth 1997; Cane
2005). Note that the NINO1.2 and NINO3 indices to
which shell growth was compared are ideal measures
of the oceanic aspects of ENSO that influence the
extratropical climate (Hoerling and Kumar 1977).

Shell oxygen isotopes: implication for water
temperature and hydrology

Bivalve mollusks are considered to form their shells in
oxygen isotopic equilibrium with the ambient water
(Epstein et al. 1953; Mook and Vogel 1968; Wefer and
Berger 1991). Isotope ratios of shell carbonate can
hence be used to reconstruct environmental conditions
such as water temperature or to identify water sources
(Weidman et al. 1994; Bice et al. 1996; Marsh et al.
1999). Oxygen isotope values of M. falcata shells in
Coghlan Creek showed distinct annual cycles that may
partly reflect the temperature variability during the
growing season, further substantiating the annual
formation of shell carbonate. If the oxygen isotope
composition of the river water remained constant
throughout the growing season, the maximum
observed seasonal (31803rag0mte range of 2.039,
(Fig. 3b—specimen NP4-AlL, year 1987, age 21)
would translate into a temperature range of 8.8°C. This
almost perfectly matches the temperature range of the
water during the March/April through October grow-
ing season, i.e., 9.7°C (Fig. 3).

Estimation of absolute water temperature from the
above-mentioned 5180amg0nite values requires knowl-
edge of the isotopic composition of the water in which
the shells lived. Direct measurements of the isotopic
composition of the Coghlan Creek aquifer or river are
not available. A nearby aquifer (Abbotsford) located
at the same height above sea level, however, exhibits
an average 0'°0 composition of approximately
-11.08 + 0.36%, (mean + 1SD; Wassenaar 1995). Using
this value, the modified paleothermometry equation
(Grossman and Ku 1986; Goodwin et al. 2001) returns
temperatures of 3.8 and 15°C for the most extreme
51803mg0nite values of -7.49, (Fig.3a; 1999) and
-9.97%, (Fig. 3b; 1987), respectively. 1SD error in
temperature estimates is 1.6°C. The minimum
and maximum measured temperatures during the
growing season were 4.1°C in 1999 and 14.9°C in 1987,
respectively. Hence, reconstructed and measured
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temperatures compare extremely well to each other.
This result demonstrates that shells of M. falcata
actually form their valves in oxygen isotopic equilib-
rium with the ambient water.

The oxygen isotopic composition of the aquifer
(-11.08) closely resembles the isotopic composition of
the local precipitation: —10%, (annual mean adjusted
for variable amounts of precipitation; IAEA 2001).
This value is based on monthly data from the station
“Victoria” (N48.65°, W123.43°) determined over 30
years of observation. Note that maximum rainfall in
the LFV occurs during winter when oxygen isotope
values of the precipitated water are 29, more negative
than the annual mean, i.e., -129%,. It seems likely that
aquifers of the LFV are mainly recharged during the
winter period and their isotopic compositions are
buffered by winter precipitation. In contrast, the water
of the Fraser River is about 7-8%, more negative than
precipitation (-17.04%, in July 1993, -17.85%, in
November 1993; measured at Alexandra Bridge near
Hope; Cameron et al. 1995). Recharge of the aquifers
from the Fraser or runoff from adjacent mountains to
the south is probably only minor. We hence conclude
that local precipitation is the main source for
recharging the Coghlan Creek aquifer.

It should be noticed that the minimum observed
5180amgmite range within the bounds of two consecu-
tive annual growth lines (Fig. 3c—specimen NP1-AS5L,
year 1999, age 17) was 0.719,, implying a temperature
range of only 3.1°C, far less than the true temperature
range. It seems unlikely that the growing season had
been shortened dramatically: we exclusively sampled
shell material from ontogenetically young (vigorously
grown) specimens and, in addition, the same sampling
resolution was applied to all shells. A more likely
explanation for the observed differences in the
temperature ranges among annual growth increments
of different specimens is inter-annual and seasonal
change in the isotopic composition of the water in
which the shells lived. Possible controls of the isotopic
composition may include irrigation of adjacent fields
(Fraser River Action Plan 1999) with Fraser river
water, ENSO-controlled variations in the isotopic
composition of the precipitated water and 4§60
released from manure NO; (Wassenaar 1995). However,
these parameters vary considerably in space and time
and quantification of their contribution to the isotopic
composition of the river water is extremely difficult.

This study demonstrated the broad applicability of
the freshwater bivalve M. falcata for reconstructing
past climates and ecosystem conditions in the LFV
region of British Columbia. Further studies should
focus on extending the chronology back in time by
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using subfossil shell material. This could resolve the
question whether the relationship between shell
growth and precipitation has changed due to anthro-
pogenic activity. It could help identify the precise
effects that fertilizers, trace metals, pesticides, etc.,
exert on shell growth of M. falcata.
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