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Abstract

Monitoring data on water pH are presented for the period
between 1972 and 2009 from the sampling stations Lingden and
Storgadden, at the entrance to the Gulf of Finland, Baltic Sea.
The overall pH in the area ranged from 9.2 to 7.4, on average 8.1,
and showed a significant decreasing trend during the winter
period corresponding to a median annual decrease of 0.006. The
data corroborate previous findings about a seasonal effect, where
pH is higher during summer than winter.
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Many studies present models of future ocean pH,
whereas relatively few papers present measured pH
data (Santana-Casiano et al. 2007, Wootton et al.
2008, Olafsson et al. 2009, Omstedt et al. 2010,
Provoost et al. 2010). The aim of the present study is
to demonstrate pH dynamics and its variability, and
whether pH shows a decreasing trend in the Gulf of
Finland since the beginning of the 1970s until today.
We present long-term pH data collected between
1972 and 2009 at Lingden and Storgadden
monitoring stations in the outer archipelago of
Tvirminne in the western Gulf of Finland, Baltic Sea

(Fig. 1).
MATERIALS AND METHODS

The sampling site waters represent surface water
from the Gulf of Finland and from the inner
archipelago zone, as well as upwelling deep water
from the Baltic proper. More detailed hydrographical
descriptions of the area can be found in Hillfors et
al. (1983).

The data were obtained from the OIVA -
environment and geoinformation service (Hertta
database, Finnish Environment Institute (SYKE),
last visited on 31 January 2010
http:/ /wwwp2.ympatisto.fi/sctipts/oiva.asp),  and
from notes stored at the Tvirminne Zoological
Station, University of Helsinki, Finland. The pH
measurements extended from 29 April 1972 to 9
December 2009. At the entrance to the Gulf of
Finland, the majority of the pelagic primary
production occurs in the surface water between 0
and 10 m depth (Kononen et al. 1998), and therefore
we selected pH data from 4 or 5 m depth as a proxy
for the most active zone (total N = 651).
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Fig. 1. Location of Langden (59° 46.598°N, 23° 15.975°E) and Storgadden (59° 47.419°N, 23° 20.488°E) sampling
stations at the outer archipelago of Tvarminne Zoological Station (ZS), in the Gulf of Finland, Baltic Sea.

Two pH meters have been used since 1972: a
Beckman Expandomatic pH meter 1972 — 1986 and
a Schott CG 820 digital pH meter (Schott-Gerite)
1986 — 2009. The pH meters were calibrated before
use with at least two buffers, pH 4.00, 7.00 or 10.00
(pH 7.00 always included). All calibration buffers
used meet the criteria of NIST (US National Institute
of Standards and Technology; also referred to as
NBS, National Bureau of Standards). All samples and
buffers were measured at room temperature. The
data set was checked for outliers using 1.5X the
interquartile range, one datum point (pH 5.6, 3 May
1983, Storgadden) fell outside this range and was
omitted.

As pH was not measured at regular intervals, the
data set was aggregated into two seasons, using
vernal and autumnal equinoxes. Arithmetic averages
for [H*] values within a season (summer: 22 March —
21 September; winter: 22 September — 21 March)
were calculated and converted back to pH scale.
Missing values from three winters and one summer
(N = 4) were substituted by seasonal average values.
Trend analysis was conducted using R 2.10.1
software (R Development Core Team 2009), and
non-parametric Mann-Kendall trend test from the
Kendall-package (McLeod 2009). The magnitude of
the trend was determined with Sen’s nonparametric
estimator of slope using wq-package (Jassby &
Cloern 2010). In order to evaluate the differences
between particular months the non-parametric
Kruskal-Wallis test was applied. Since the data
independence assumption required for the Kruskal-
Wallis test was not completely fulfilled, i.e. the data
are auto-correlated, the test provides only an
approximation whether pH differs between months.

To decrease the probability of potential random
significant results, we therefore consider the results
significant in the Kruskal-Wallis test when p < 0.01.

RESULTS AND DISCUSSION

The overall average pH was 8.1 for all 651 data
points of 38-year time series (median 8.2) (Fig. 2a).
Seasonal fluctuation was evident in monthly values
with the maximum in May and other summer
months, and the minimum in winter months
(January—February) (Fig. 2b). The measurements
varied between the lowest recorded pH of 7.4 in
September 2003 at Lingden, and the maximum pH
of 9.2, measured in May 1993 and 1994 at Lingden
and Storgadden, respectively. A significant decreasing
trend in pH was observed during winter (Mann-
Kendall, 7 = —0.375, p = 0.001) with the estimated
slope of —0.006 units a'l. No significant trend was
detected for the summer period (Mann-Kendall, 7 =
—0.209, p = 0.060).

The decreasing trend presented in the current
study is of similar magnitude as the annual decrease
of 0.0017 — 0.0024 in the north Atlantic and Pacific
waters (Santana-Casiano et al. 2007, Olafsson et al.
2009), but is markedly less pronounced than the
annual decline of 0.045 observed at Tatoosh Island in
the Pacific Ocean (Wootton et al. 2008). The COz
emissions are suggested to be the major factor
underlying the observed changes in the oceans
(Santana-Casiano et al. 2007, Wootton et al. 2008,
Olafsson et al. 2009, Omstedt et al. 2010, Provoost et
al. 2010). Without CO2 measurements, we cannot say
if COz in surface waters is responsible for the pH
decrease in the Gulf of Finland. Other factors, alone
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Fig. 2. Time series of pH measurements at Lingden and Storgadden stations in the western Gulf of Finland between
1972 and 2009 (a). Box-whisker plot of monthly pH, with numbers of observations along the X-axis (b). The central
vertical line of the boxes indicates the median, and the ends of the boxes represent the upper and lower quartiles of

the data. Whiskers mark maximum and minimum pH values.

or in combination, which can affect pH in the Baltic
Sea include ice cover and wind-induced surface
mixing (Soomere et al. 2008), upwelling of deep
waters (Hillfors et al. 1983), alkalinity (Hjalmarsson
et al. 2008), nutrients and algal blooms (Brewer &
Goldman 1976, Hansen 2002), and precipitation of
anthropogenic atmospheric sulfur and nitrogen
oxides (Doney et al. 2007).

The measured pH varied seasonally and
fluctuated considerably, for some months ranging
across one pH unit (Fig. 2b). At least one month is
significantly ~different compared to the others
(Kruskal-Wallis, y? = 190.4, g¢f = 11, p < 0.001). The
increase in pH during late spring and the consistency
in high pH observed during the summer period are
due to a decline in CO2 as it is used by
phytoplankton for photosynthesis, and/or an
increase in temperature, resulting in lower
concentrations of dissolved gases, including COz in
the water. The highest pH was observed in May, i.e.
at the end of the spring bloom, corroborating the
findings of Haillfors et al. (1983). Thus, it shows that
the seasonal variation in pH is largely driven by
major phytoplankton blooms.

The present study focuses on the pH dynamics,
its variability and trends at two monitoring stations in
the Baltic Sea, and the data indicate that winter pH in
the western Gulf of Finland has decreased since 1972
with pH units of 0.006 per year.
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