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Summary: In order to assess the accuracy and regional significance of salt-marsh reconstructions of former sea level 
based on foraminiferal transfer functions, we compared the calibration of the foraminiferal assemblages of two salt-marsh 
cores from two estuaries using the regional transfer function constructed for the southern Bay of Biscay. The foraminifera-
based reconstructions were placed into a temporal framework using 137Cs, heavy metal concentrations, and 210Pb-derived 
sediment accumulation rates. The resulting relative sea-level (RSL) curves were compared with the nearest tide-gauge data 
(Santander). The two RSL trends from core sediments show excellent agreement and are in very good agreement with instru-
mental data, providing a regional relative sea-level rise of 1.9 mm yr-1 for the 20th century. 
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Resumen: Cambios recientes del nivel marino en el sur del Golfo de Vizcaya: reconstrucciones basadas en 
funciones de transferencia aplicadas en marismas en comparación con datos instrumentales. – Con el fin de 
evaluar la precisión y el carácter regional de las reconstrucciones del nivel marino basadas en funciones de transferencia 
usando foraminíferos de marisma, hemos comparado la calibración de las asociaciones de foraminíferos de dos sondeos 
perforados en sendos estuarios, usando una función de transferencia de validez regional construida para el sur del Golfo 
de Vizcaya. Estas reconstrucciones basadas en las asociaciones de foraminíferos han sido situadas en un marco temporal 
utilizando 137Cs, concentraciones de metales pesados y los cocientes de acumulación sedimentaria basados en 210Pb. La 
curva del nivel marino resultante ha sido comparada con el mareógrafo más próximo al área de estudio (Santander). Las dos 
curvas obtenidas a partir de los sondeos presentan una excelente correlación entre sí y muy buena correlación con los datos 
procedentes del mareógrafo, proporcionando un ascenso relativo del nivel marino de 1.9 mm año-1 para el siglo XX, siendo 
este ascenso de carácter regional.

Palabras clave: foraminíferos de marisma, función de transferencia, 137Cs, concentraciones de metales pesados, dataciones 
de 210Pb, nivel marino, Golfo de Vizcaya.
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INTRODUCTION

Historical instrumental data provide a global sea-
level rise (GSLR) rate of 1.8 mm yr-1 (IPCC, 2007). 
However, the spatial and temporal coverage of tide 

gauges is heterogeneous and limited, and therefore 
does not capture regional variability (Douglas, 2001) 
and cannot provide a meaningful estimate of the 
average GSLR for the past century (Cabanes et al., 
2001). Since 1993 satellite altimetry data have been 
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available and provide new estimates of ~3 mm yr-1 
(Cabanes et al., 2001; Cazenave and Nerem, 2004; 
Leuliette et al., 2004). These differences could be 
related to the acceleration in sea-level rise found by 
Church and White (2006) for the period 1870-2000, 
or represent decadal variability (Nerem et al., 2006). 
Furthermore, an important question to address is to 
identify when the modern rate of sea-level rise began. 
Therefore, estimating sea-level rise from sedimenta-
ry sequences of salt marshes has received increasing 
attention, since this research offers great potential to 
supplement the temporal and spatial global database 
of instrumental (tide-gauge) observations of sea-
level change. These sequences provide a benchmark 
against which one must measure the additional sea-
level rise that has occurred over the last 100-150 years 
(Church and White, 2006; Holgate, 2007). In fact, 
recent geologically-based research from the North 
Atlantic has provided the first indication that modern 
rates of relative sea-level (RSL) rise (last 100 years) 
in this region may be more rapid than the long-term 
rate of rise (over the last 800-1000 years), and that 
the timing of this acceleration may be indicative of 
a link with human-induced climate change (Gehrels 
et al., 2002, 2004, 2005; Donnelly et al., 2004). Ad-
vances in high-resolution sea-level reconstruction 
have been made in the last few years through the de-
velopment of foraminifera-based transfer functions 
(Gehrels et al., 2002; Edwards et al. 2004; Gehrels, 
2004; Hayward et al., 2004; Boomer and Horton, 
2006; Horton and Edwards, 2006). Fossil foraminif-
era have been used as “proxies” for elevation by 
quantifying the relationship between faunal data 
(relative abundance of individual species) and envi-
ronmental data (elevation) in the modern salt-marsh 
environment. These modern relationships are then 
applied to cores to reconstruct past tide levels from 
fossil assemblages within sedimentary sequences in 
order to reconstruct palaeomarsh surface elevation. 
In the southern Bay of Biscay, Leorri et al. (2008a) 
developed a foraminifera-based transfer function 
from four Basque marshes. The relationship between 
observed and foraminifera-predicted elevation was 
strong, allowing precise reconstructions of former 
sea levels (error ranged from 0.11 to 0.19 m). The 
transfer function was used to calibrate the foraminif-
eral assemblages collected from a 50-cm salt-marsh 
core. The resulting relative sea-level curve was in 
very good agreement with regional tide-gauge data, 
suggesting a rate of RSL rise of approximately 2 mm 
yr-1 for the 20th century. 

However, we argue that a single core analysis 
could reflect local rather than regional forcing factors. 
Consequently, we hypothesise that regional signals 
should be recorded in different marsh areas and be 
coincident with tide-gauge data. Therefore, we apply 
here the transfer function developed previously by 
Leorri et al. (2008a) to a 50 cm-long core recovered 
from the Muskiz marsh (Fig. 1). We describe the ap-
plication of this transfer function and also assess its 
performance in reconstructing palaeomarsh-surface 
elevation. We compare the derived relative sea-level 
curve with both the previously reconstructed sea-
level curve from the nearby Ostrada marsh (Leorri 
et al., 2008a) and regional Santander tide-gauge data 
in order to provide a quantitative assessment of the 
potential of intertidal foraminifera for RSL studies 
in the Bay of Biscay.

MATERIALS AND METHODS

A 50 cm sediment core was collected from the 
Muskiz marsh in November 2003. Compaction of 
the sediment during sampling was negligible due 
to the thin marsh lithosome, the dominance of min-
erogenic sediments, and the proximity to the basal 
contact with Mesozoic-Cenozoic rocks that provide 
little opportunity for additional accommodation space 
due to autocompaction (loss of porosity due to the 
load of overlying sediments) (Leorri et al., 2008a). 
The Muskiz marsh (Fig. 1) is located in the middle 
reaches of the Barbadun estuary and characterised by 
halophytic plants: Sarcocornia perennis, Sarcocornia 
fruticosa and Salicornia ramossissima together with 
Atriplex portulacoides and Puccinellia maritima, 
among others (Anonymous, 1986). The Barbadun 
estuary forms the tidal part of the Barbadun river. It 
has a total surface area of 204 ha, a length of 4.4 km 
and an average width of 5-10 m (Anonymous, 1999). 
Aerial and historical photography indicate that the 
selected area does not have a history of reclamation. 
Furthermore, sedimentological investigations did not 
reveal any agricultural layers as identified in many 
other salt marshes of northern Spain (e.g. Cearreta et 
al., 2002). Two PVC tubes (12.5 cm diameter) were 
inserted into the sediment in order to obtain sufficient 
material to determine grain size, benthic foraminifera, 
sediment geochemistry, organic matter, and 137Cs and 
210Pb geochronologies. The core was described, pho-
tographed and X-radiographed before being sliced 
into samples of one centimetre thickness.
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We measured topographic elevation (Leica sta-
tion; elevation error: ± 0.005 m) for the core and 
this information is presented relative to the local 
ordnance datum (lowest tide at the Bilbao Harbour 
on 27th September 1878). 

Since the transfer function has been developed 
from four different marsh areas, the inundation fre-
quency at each study area must be calculated and el-
evations are standardised relative to the tidal range. 
Hence, the elevations are expressed as a standardised 
water level index (SWLI; Hamilton and Shennan, 
2005):

	 SWLI
h h

h hn

n MTL

MHHW MTL

=
−( )
−

+
100

100 	 (1)

where SWLIn is the standardised water level index 
for sample n, hn the elevation of sample n, hMTL the 
mean tide level elevation, and hMHHW the mean higher 
high water elevation, all of them expressed in metres 
above local ordnance datum. This produces a stand-

ardised water level index (SWLI) for each modern 
sample, with 100 representing the mean tide level 
and 200 the mean higher high water. SWLI for each 
buried sample is then converted back to an eleva-
tion above local ordnance datum at the field site by 
reversing the calculations (Hamilton and Shennan, 
2005).

Microfaunal study

We analysed the samples of the Muskiz core 
for foraminiferal content at 1 cm intervals. Sam-
ples were sieved through a 1 mm sieve (to remove 
large organic fragments) and a 63 micron sieve and 
washed to remove clay and silt material. Tests were 
picked until a representative number of more than 
300 individuals was obtained, and then studied under 
a stereoscopic binocular microscope using reflected 
light. The total number of samples analysed in this 
core was 23, and more than 7100 foraminifera were 
identified. Foraminiferal species identified in this 
core with relative abundances greater than 2% are 
presented in Table 1.

Radiometric analysis

Core sub-samples were dried, homogenised and 
then placed in sealed 9 ml Petri dishes in order to 
obtain the radioactive equilibrium between 226Ra 
and 222Rn daughters over 60 days. The concentra-
tion of existing radioactive isotopes in each sample 
was determined by means of a semi-planar detector 
(EGSP 2200-25-r, EURO-YSIS Measures) coupled 
with a multi-channel analyser (8000 channels) at the 
University of Bordeaux (France).

The concentrations of the radioactive ele-
ments 137Cs, 226Ra and 210Pb were determined by 
the number of counts beneath the corresponding 
photopeaks, taking into account background noise 
and spectrum base line. The photopeaks considered 
here are: 661 KeV from the 137Cs, 46.5 KeV from 
the 210Pb, 352 and 611 KeV from the 214Pb and 
214Bi, daughter products of the 222Rn in equilibrium 
with the 226Ra (Lederer et al., 1967). Each sample 
was counted for a period of 24 hours. The detection 
efficiency of the measuring system was calculated 
using samples of known activity prepared with the 
same geometry as the samples to be measured. The 
uncertainties of the measured concentrations are 
due mainly to the statistical counting error, and 
depend on each value.

Fig. 1. – Location of the Muskiz marsh (highlighted by the white 
border) in the Barbadun estuary and localities referred to in the text. 
Key: 1-Barbadun estuary; 2-Ostrada marsh; 3-Santander. White 

triangle in the Muskiz marsh indicates location of core.
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Geochemical analysis

The sediments were sieved through a 1 mm sieve, 
oven-dried at 45ºC and mechanically homogenised 
in an agate mill to avoid metal contamination. Metal 
concentrations were determined by inductively 
coupled plasma–optic emission spectrometry (ICP-
OES) after microwave digestion with aqua regia. 
Lowest detection limits were 0.1 mg kg

-1 for Sc; 1 
mg kg

-1 for Mn, Zn, Cu and Ni; 2 mg kg
-1 for Pb 

and Cr; 3 mg kg
-1 for As; and 0.01% for Fe and Ca. 

Organic matter analysis was performed following 
the Walkey method (Hesse, 1971).

Statistic analysis

The performance of the transfer functions is as-
sessed in terms of the root-mean square of the error 
of prediction (RMSEP) and the squared correlation 
(r2) of observed versus predicted values. The RMSEP 
indicates the systematic differences in prediction er-
rors, whereas the r2 measures the strength of the rela-
tionship of observed versus predicted values. These 
statistics are calculated as “apparent” measures in 
which the whole training set is used to generate the 
transfer function and assess the predictive ability, and 
the data were also jack-knifed (also known as ‘leave-
one-out’ measures). Jack-knifing is a measure of the 

overall predictive abilities of the dataset. However, 
it does not provide sample-specific errors for the 
palaeomarsh elevation reconstructions of each core 
sample (Birks, 1995). Bootstrapping can be used to 
derive a standard error of prediction (SEpred; Birks 
et al., 1990; Line et al., 1994), which varies from 
sample to sample depending upon the composition 
of the core assemblage and the presence or absence 
of taxa with a particularly strong signal for the envi-
ronmental variable of interest (Birks, 1995). SEpred 
was estimated using 1000 cycles. We will use here 
the Model 3 (WA-PLS; component 3, see Table 2) 
transfer function described by Leorri et al. (2008a). 
Model 3 uses samples above a standardised water 
level index of 160, thus removing lower elevation 
samples (see Hamilton and Shennan, 2005 for dis-
cussion), and has low RMSEP, although it also has 
low r2

jack because of the lower number of samples 
and the reduced length of the elevational gradient 
(Table 2). The precision of the transfer function is 
comparable with other foraminifera-based transfer 
functions from the northern Atlantic Ocean, with 
a precision ranging from ±0.12 m to ±0.29 m (see 
Leorri et al., 2008a). Following back-transformation 
of the SWLI values, the reconstructions have a pre-
cision of ±0.14 m.

We also employed the modern analogue tech-
nique (MAT; Juggins, 2004) to evaluate the likely 

Table 1. – Relative abundances (>2%) of main foraminiferal species in the Muskiz core samples. A.tep, Ammonia tepida; C.lob, Cibicides 
lobatulus; C.wil, Cribroelphidium williamsoni; G.rud, Gaudryina rudis; H.ger, Haynesina germanica; J.mac, Jadammina macrescens; M.sec, 
Massilina secans; Q.lat, Quinqueloculina lata; Q.sem, Quinqueloculina seminula; R.ano, Rosalina anomala; T.inf, Trochammina inflata; N, 

number of test picked.

Sample	D epth 	Elevation	 A.tep	 C.lob	 C.wil	 G.rud	 H.ger	 J.mac	 M.sec	 Q.lat	 Q.sem	 R.ano	 T.inf	 N	 N g–1

	 (m)	 (m)	 	  								      

M#1	 0.01	 4.51	 0.3	 0.3	 0.0	 0.0	 0.0	 77.1	 0.0	 0.0	 0.9	 0.0	 18.1	 332	 1443
M#3	 0.03	 4.49	 0.0	 0.0	 0.0	 0.0	 0.0	 88.8	 0.0	 0.0	 0.0	 0.0	 11.3	 311	 3809
M#5	 0.05	 4.47	 0.7	 3.6	 0.0	 0.0	 0.0	 88.8	 0.0	 0.0	 0.0	 0.0	 6.6	 303	 1700
M#7	 0.07	 4.45	 1.0	 5.4	 0.0	 0.0	 0.0	 84.4	 0.0	 0.3	 0.0	 0.0	 7.7	 313	 1842
M#9	 0.09	 4.43	 0.7	 1.0	 0.0	 0.0	 0.0	 87.7	 0.0	 0.0	 0.0	 0.0	 10.4	 309	 947
M#11	 0.11	 4.41	 0.0	 1.3	 0.0	 0.0	 0.0	 79.5	 0.0	 0.0	 0.0	 0.0	 18.9	 302	 114
M#13	 0.13	 4.39	 0.0	 0.0	 0.0	 0.0	 0.0	 80.6	 0.0	 0.0	 0.0	 0.0	 19.4	 309	 396
M#15	 0.15	 4.37	 0.0	 5.6	 0.0	 0.0	 0.0	 69.9	 0.0	 0.3	 0.0	 0.3	 23.2	 302	 144
M#17	 0.17	 4.35	 3.6	 53.4	 4.3	 0.0	 3.3	 18.0	 0.7	 0.3	 0.0	 3.3	 8.2	 305	 316
M#19	 0.19	 4.33	 3.6	 68.1	 3.2	 0.0	 1.0	 7.7	 0.3	 1.9	 0.3	 5.2	 0.0	 310	 524
M#21	 0.21	 4.31	 2.2	 55.7	 2.9	 0.0	 1.9	 9.8	 1.9	 5.1	 4.4	 4.7	 0.6	 316	 385
M#23	 0.23	 4.29	 2.6	 62.3	 1.3	 1.0	 3.0	 0.0	 3.6	 5.9	 5.9	 5.3	 0.0	 305	 359
M#25	 0.25	 4.27	 2.2	 55.0	 5.8	 2.2	 1.9	 0.3	 3.2	 6.4	 5.4	 5.8	 0.0	 313	 436
M#27	 0.27	 4.25	 3.9	 56.7	 5.2	 2.0	 2.6	 0.0	 3.9	 4.9	 4.9	 4.6	 0.0	 305	 166
M#29	 0.29	 4.23	 1.9	 56.4	 5.3	 3.7	 2.8	 0.0	 4.7	 5.0	 7.8	 3.4	 0.0	 321	 110
M#31	 0.31	 4.21	 1.6	 56.2	 5.7	 1.3	 3.2	 0.0	 3.8	 5.4	 6.9	 4.4	 0.0	 319	 182
M#33	 0.33	 4.19	 2.6	 59.0	 4.9	 1.3	 0.3	 0.0	 2.6	 6.2	 7.9	 3.6	 0.0	 305	 263
M#35	 0.35	 4.17	 1.3	 57.6	 2.7	 1.3	 0.3	 0.0	 4.6	 6.0	 7.6	 3.3	 0.0	 302	 198
M#37	 0.37	 4.15	 2.2	 57.6	 2.5	 1.3	 1.9	 0.0	 3.8	 7.0	 6.7	 3.8	 0.0	 316	 235
M#39	 0.39	 4.13	 2.6	 56.6	 2.6	 1.0	 3.3	 0.0	 3.0	 10.5	 6.6	 2.3	 0.0	 304	 262
M#41	 0.41	 4.11	 2.6	 57.1	 6.4	 1.6	 1.9	 0.0	 2.9	 8.6	 6.4	 5.1	 0.0	 313	 176
M#43	 0.43	 4.09	 1.3	 52.9	 7.5	 1.6	 1.6	 0.0	 2.9	 5.5	 6.2	 3.3	 0.0	 308	 286
M#45	 0.45	 4.07	 2.9	 52.3	 5.8	 2.6	 1.0	 0.0	 3.9	 4.9	 7.1	 3.3	 0.0	 308	 263
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reliability of palaeomarsh surface elevation recon-
structions based on the transfer function. This tech-
nique compares numerically, using the chi-square 
distance dissimilarity coefficient, the foraminiferal 
assemblage in a buried sample with the foraminif-
eral assemblages in all available modern samples. 
Using the largest minimum dissimilarity coefficient 
(Woodroffe, 2006), we calculated whether samples 
have good analogues in the training set (Horton and 
Edwards, 2006).

RESULTS

The Muskiz core was located at 4.52 m above local 
ordnance datum in the higher vegetated subenviron-
ment of the Muskiz marsh (Fig. 1). The uppermost 

16 cm of the core are composed of dark brown lami-
nated mud (silt and clay) with a small sand content 
(average 11%; range 8-16%) and are highly organic 
(average 3.6%; range 0.9-10.9%). Below this depth, 
the sediment is dominated by sand and bioclasts (av-
erage 66%; range 23-75%) with a low organic matter 
content (average 1.1%; range 0.6-1.6%). 

The micropalaeontological analysis showed forty 
six species and two distinct foraminiferal assemblage 
zones (FAZ) in this core. The basal 31 cm (47-16 cm 
depth interval) are characterised by the dominance 
of transported, allochthonous foraminifera (average 
74%). The foraminiferal assemblage is dominated 
by Cibicides lobatulus, and secondary Quinquelo-
culina lata, Quinqueloculina seminula and Cribroe-
lphidium williamsoni (Table 1). FAZ1 contains a 
high number of both tests g-1 (average 277; range 

Table 2. – Statistics summary of the performance of WA-PLS (weighted averaging partial least squares) for the foraminiferal assemblages 
from the Basque marshes corresponding to Model 3 (from Leorri et al., 2008a).

Model 3	 Component 1	 Component 2	 Component 3	 Component 4	 Component 5

RMSE	 7.6319	 6.5124	 5.7666	 4.8076	 4.6526
r2	 0.7343	 0.80657	 0.8483	 0.8945	 0.9012
Max_Bias	 11.146	 11.321	 7.8331	 6.4407	 5.5599
r2

jack	 0.6852	 0.7176	 0.7496	 0.7037	 0.6504
Max_Bias jack	 12.439	 13.283	 10.441	 9.9049	 16.192
RMSEP jack	 8.3254	 7.8757	 7.4977	 8.4911	 9.5444

Fig. 2. – Relative abundance of main foraminiferal species, predicted palaeoelevation produced by the transfer function and sedimentation 
rates-derived age (Table 3) with depth (cm) referred to standardised water level index (SWLI). Age model chronology is represented as 2σ 

error (dark grey area). Cross indicates heavy metal concentration–derived age. FAZ, Foraminiferal assemblage zone. 
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110-524) and number of species (average 25; range 
17-31). The sand content is also high and decreases 
significantly in the upper 5 cm of this zone when ag-
glutinated, marsh foraminifera enter the assemblage. 
By comparison with modern assemblages, FAZ1 has 
been interpreted as deposited in an intertidal sandy 
environment with normal marine salinity conditions, 
which become progressively shallower throughout 
the last 5 cm of this zone. 

Finally, the top sixteen cm represent current en-
vironmental conditions in the vegetated marsh area, 
with extremely abundant foraminiferal tests (average 
1299 tests g-1; range 114-3809) and a very low-di-
versity foraminiferal assemblage (average 5 species; 
range 2-7). The organic matter content increases rap-
idly upwards in this zone from 0.9% at the base to 
10.9% at the surface. Allochthonous forms are very 
rare (average 3%) and only the agglutinated species 
Jadammina macrescens and Trochammina inflata 
are dominant. Table 1 and Figure 2 summarise the 
micropalaeontological data.

Table 3 summarises the radiometric data. 210Pb 
activity declines with depth and shows a small er-

ror range. The sedimentological change at -16 cm 
prevents the use of the constant rate of supply (CRS) 
model (Goldberg, 1963), since this environment has 
probably undergone intense sediment mixing (Leorri 
et al., 2008b). The data should be normalised to ac-
count for the granulometric differences (Cearreta et 
al., 2000), making it difficult to obtain a reliable esti-
mation of the supported 210Pb. We therefore used the 
constant initial concentration (CIC) model, which 
provides a sedimentation rate of 2.1±0.1 mm year-1 
for the upper 16 cm. 137Cs shows a clear subsurface 
maximum in activity at -16 cm. Ascribing this sub-
surface activity maximum to 1963 gives an accre-
tion rate of 4.0 mm yr-1. However, there is no clear 
evolution with depth and significant values coexist 
with others that are well below the detection limit 
(Table 3). 

The aim of this study is not to analyse the geo-
chemical composition of the sediments but to provide 
additional support for the radiometric age model. 
We therefore summarise the geochemical results us-
ing the Zn value as representative of the heavy metal 
variations, following Cearreta et al. (2000), although 

Table 3. – 210Pbtotal, and 137Cs content (Bq kg-1), metal concentrations and metal background values (mg kg-1) in the Muskiz core. Metal 
background values were calculated for the Basque estuaries by Cearreta et al. (2000). CIC age model with assigned errors and metal concen-
tration–inferred ages are indicated. Age model is calculated from the sedimentation rates obtained from the combination of 210Pb and metal 

concentrations for the upper 17 cm.

Sample	D epth (m)	 210Pbtotal	
137Cs	 Zn	 Pb	A s	 CIC age model	 error (±)	I nferred ages	 error (±)

M#1	 0.01	 	 	   323	 70	 52	 2003		 	   
M#2	 0.02	 134	 4	 319	 74	 53	 1998	 1	 	  
M#3	 0.03	 	 	   320	 67	 53	 1993	 1	 	  
M#4	 0.04	 57	 nd	 242	 69	 55	 1989	 1	 	  
M#5	 0.05	 	 	   215	 68	 45	 1984	 1	 	  
M#6	 0.06	 47	 7	 272	 74	 52	 1979	 2	 	  
M#7	 0.07	 	 	   301	 73	 56	 1974	 2	 1972	 3
M#8	 0.08	 26	 5	 279	 74	 55	 1965	 2	 	  
M#9	 0.09	 	 	   201	 70	 51	 1960	 3	 	  
M#10	 0.10	 21	 3	 215	 74	 52	 1955	 3	 	  
M#12	 0.12	 15	 3	 	 	 	    1951	 4	 	  
M#14	 0.14	 10	 8	 	 	 	    1941	 5	 	  
M#15	 0.15	 	 	   146	 66	 42	 1936	 5	 	  
M#16	 0.16	 5	 13	 	 	 	    1931	 5	 younger than 1850 
M#18	 0.18	 11	 3	 	 	 	 	 	       	 
M#20	 0.20	 10	 nd	 48	 50	 23	 	 	 	    
M#22	 0.22	 4	 3	 	 	 	 	 	 	       
M#25	 0.25	 	 	   46	 52	 16	 	 	 	    
M#26	 0.26	 9	 3	 	 	 	 	 	 	       
M#30	 0.30	 	 	   44	 45	 22	 	 	 	    
M#35	 0.35	 	 	   42	 50	 24	 	 	 	    
M#40	 0.40	 	 	   47	 52	 11	 	 	 	    
M#42	 0.42	 6	 nd	 	 	 	 	 	 	       
M#45	 0.45	 	 	   37	 42	 28	 	 	    	 

	                metal background values
	 median	 range

Zn	 60±22	 10-105
As	 16±6	 8-37
Pb	 23±9	 10-52
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Pb and As values are also provided since they have 
been recently used to support radiometric chronolo-
gies. Heavy metal concentrations are fairly constant 
below 16 cm and lie within background values (Ta-
ble 3). From this depth upwards heavy metal values 
increase, attaining a subsurface sharp peak at -8/-6 
cm, before declining towards the surface, although 
at -3/-2 cm there is an additional increase, peaking 
again at the surface.

Forty-six species were found in the Muskiz core 
(Table 1), but only J. macrescens and T. inflata were 
dominant throughout FAZ2 (Fig. 2). These species 
are indicative of a high salt-marsh environment. We 
selected Model 3 transfer function, which consists of 
modern samples from higher elevations (Table 2), to 
calibrate the foraminiferal assemblages because the 
micropalaeontological data suggest a salt-marsh en-
vironment for the dated section of the Muskiz core. 
Furthermore, the buried foraminiferal data exhibit 
optima high in the tidal frame (above MHHW). The 
calibration process assigns a palaeomarsh-surface 
elevation to each core sample together with a boot-
strapped standard error of prediction, which varies 
between 15 and 16 cm (Fig. 2). The foraminiferal 
assemblages are fairly similar throughout the FAZ2. 
Consequently, the transfer function predicts that 
the marsh surface at the sample site has varied lit-
tle during deposition of FAZ2, which indicates that 
the marsh surface has built up largely parallel to the 
sea-level rise. Slight variations in the palaeomarsh 
elevation reflect the presence of varying abundances 
in secondary species. FAZ1 is dominated by calcare-
ous foraminifera, whose modern analogues are not 
included in Model 3 transfer function. In contrast, 
MAT indicates that all FAZ2 samples possess good 
modern analogues in the training set.

DISCUSSION

Higher high-marsh elevations provide the most 
reliable sea-level reconstructions since they have 
a lower influx of inorganic sedimentation due to 
reduced frequency, duration, and depth of tidal 
inundation and their dense root mats prevent sedi-
ment mixing. Lower elevations are most affected by 
sediment mixing and pulsating events (e.g. storms), 
reducing their temporal acuity and providing less 
accurate sea-level reconstructions when compared 
with tide-gauge data (Gehrels, 2000; Leorri et al., 
2008b). Therefore, only FAZ2 in the Muskiz core 

can be reliably dated and used to produce a relative 
sea-level curve.

Recent sedimentation trends (ca. 1850 AD to 
present) typically employ short-lived radionuclides 
(210Pb, 137Cs). 210Pb is a naturally occurring radio-
nuclide whose vertical distribution allows ages to be 
ascribed to sedimentary layers based on the known 
decay rate of 210Pb (see Appleby and Oldfield (1992) 
for a discussion of the 210Pb method). This technique 
is restricted to the last 120 years (Gottgens et al., 
1999) and needs to be supported by other chronolog-
ical markers (Smith, 2001). 137Cs (half-life 30 years) 
is an artificially produced radionuclide present in the 
environment since 1954. Its presence in the study 
area is likely to be dominantly derived from nuclear 
weapons testing, with peak fallout in 1963. However, 
the use of 137Cs fallout peaks is increasingly viewed 
as uncertain due to post-depositional migration 
(Abril, 2004). This effect could be responsible for 
the discrepancy with the CIC model and the lack of 
a clear pattern with depth, which prevents the use of 
137Cs in this core. To further support the CIC model 
chronology, we also analysed heavy metal concen-
trations that have recently been used as chronologi-
cal markers in high resolution sea-level studies (e.g. 
Donnelly et al., 2004; Gehrels et al., 2006; Leorri 
et al., 2008a). In core sediments with continuous 
records, heavy metal concentration increases gradu-
ally from background values, reflecting the increase 
in emissions as a result of the Industrial Revolution 
(~1800 AD). The initial divergence of metal concen-
trations from background values has been dated in 
core sediments between 1800 and 1850 (see Leorri 
et al., 2008a for references). Therefore, FAZ2 should 
be younger than 1850 since all metals show values 
above those determined as background in the area by 
Cearreta et al. (2000). On the other hand, maximum 
metal concentration has been dated between 1969 
and 1975 by numerous authors (e.g. Weiss et al., 
1999; Bindler et al., 2001; Eades et al., 2002; Ren-
berg et al., 2002; Farmer et al., 2006), being most 
likely related to the peak in pollution reached in the 
early 1970s (Renberg et al., 2002). Ascribing this 
date to the peak identified at -7 cm represented by 
the Zn and As profiles, we obtain a sedimentation 
rate of 2.3 mm yr-1, which is in excellent agreement 
with the CIC model-derived sedimentation rates (see 
Table 3 for summary of data and chronologies).

Figure 3 represents the sea-level reconstruction 
since the 1920s. Each foraminiferal sampling point 
is plotted as a sea-level index point using:
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	 RSLi = Ei - PMEi 	 (2)

where RSL is the former relative sea level for sample 
i, E is sample elevation in metres above the local 
datum for sample i, and PME is the palaeomarsh el-
evation in metres above the local datum for sample i 
reconstructed by the transfer function. 

Figure 3 shows an excellent agreement between 
the Muskiz RSL reconstruction and the Ostrada 
core inferred trend (Plentzia estuary in Leorri et 
al., 2008a). In fact, regression analysis through the 
mid-point of the reconstruction provides a general 
trend of 2.3±0.4 mm yr-1 for the period 1936-2003, 

which approximates the results obtained from the 
Ostrada core that varied from 2.4±0.4 mm yr-1 to 
2.0±0.3 mm yr-1 for the period 1884-1994, depend-
ing on whether or not the uppermost sample was 
included in the analysis, since it was considered a 
significant outlier (Leorri et al., 2008a). To further 
explore the reliability of the core reconstructions, we 
compared the results with the Santander tide-gauge 
data. We selected Santander due to its proximity to 
the study area and its record length (since 1943). The 
Santander tide-gauge linear trend is 2.18±0.41 mm 
yr-1 for the period 1944-2001. However, the tem-
poral resolution of the core reconstructions cannot 

Fig. 3. – Relative sea-level curve for the Muskiz core (Barbadun estuary) derived from both the reconstruction of the elevations produced by the 
transfer function and the age model chronology. Key: A-Muskiz sea-level reconstruction with assigned errors and the Ostrada (Plentzia estuary) 
sea-level trend (derived from regression analysis, 95 % confidence; Leorri et al., 2008a). B- Annual and five-year sea-level obtained from the 
Santander tide gauge (data obtained from the Permanent Service for Mean Sea Level website). C- Comparison between the sea-level index points 
(derived from both Ostrada cores [circles] and Muskiz cores [squares]) and the Santander tide gauge (envelope based on the five-year reconstruc-
tion). D-Comparison between the composite reconstruction of sea-level (sea-level index points and instrumental data) and sea-level general trends 

from northeastern North Atlantic: dark grey-Gehrels et al. (2005), light grey-Donnelly et al. (2004).
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be directly compared to instrumental data that pro-
vide a five-minute resolution signal. Therefore, we 
averaged the tide gauge data at five-year segments 
providing the mean and the standard deviation (1σ) 
for each segment (Fig. 3B). The resulting envelope 
is then used to compare with the reconstructed sea-
level index points (see Fig. 3C). The conversion of 
SWLI to elevation data was done following back 
the calculations of Equation 1 but using MTL and 
MHHW corresponding to the Santander tide gauge 
area so that the instrumental data and transfer func-
tion reconstructions could be directly compared (Fig. 
3C). As observed in Figure 3C, all but one index 
point fall within the five-year sea-level envelope, 
indicating that the reconstructions are consistent 
with the tide gauge record. Furthermore, the excel-
lent agreement between the two core reconstructions 
and the tide gauge provides a linear trend of RSL 
rise of 1.9±0.3 mm yr-1 since 1923. Also, it seems 
to imply a regional significance of the RSL signal, 
allowing meaningful comparisons with other areas 
in the North Atlantic region, as proposed by Leorri 
et al. (2008a). This composite sea-level curve for the 
southern Bay of Biscay resembles those reported in 
northeastern North America (Donnelly et al., 2004; 
Gehrels et al., 2005) (Fig. 3D), indicating that the 
modern rate of sea-level rise started at the turn of the 
century and is roughly coincident with the tempera-
ture increase during the 20th century (IPCC, 2007). 
However, it is still unable to correctly identify the 
precise timing of the recent sea-level acceleration 
because of the low number of sea-level index points 
during the 19th century, and further sediment se-
quences should therefore be investigated.

CONCLUSIONS

Accelerating rates of GSLR are increasingly 
viewed as one of the most devastating impacts of 
future climate change. However, our understanding 
of multi-decadal climate-ocean relationships is poor. 
Geologically-based research can potentially provide 
accurate estimates of sea-level rise at sub-centennial 
scales that can be used as benchmarks to measure the 
additional sea-level rise that has occurred during the 
last century, supplementing the temporally and spa-
tially limited instrumental data base and indicating 
when the modern rate of sea-level rise started. This 
paper has assessed the regional significance of salt-
marsh sea-level reconstructions in the southern Bay 

of Biscay by comparing two different sediment cores 
recovered from two nearby estuaries and combining 
tide-gauge and foraminifera-based transfer function 
reconstructions of RSL. In this geographical area 
salt-marsh foraminifera show a strong vertical zona-
tion and the use of transfer functions has allowed the 
first regional quantitative estimate of sea-level index 
points for the Bay of Biscay. We placed the recon-
struction of palaeomarsh elevations into a temporal 
framework to produce former RSLs. The resulting 
RSL curve is in very good agreement with local and 
regional tide-gauge records providing a regional sea-
level rise of 1.9±0.3 mm yr-1 since 1923.
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